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ABSTRACT_L

The objective of this program is to show the feasibility of using excimer lasers for

cost etfective annealing of ion-implanted emitters in the fabrication of silicon solar

cells. The maximum AM I efficiency achieved by the pulsed excimer laser anneal (PELA)
. 4, 4.

process for n pp cells was 1_.6% for a 2 cm x 2crn celt with photolithographically-

patterned contacts. The maximum AM I efficiency achieved by this PELA process for 100

mm diameter ceils with screen printed contacts was 12,%. These results are comparable

with both diffused junction cells, and cells fabricated by ion-implantation and

conventional furnace annealing.

IPEG analyses were used to estimate the cost of laser annealing, furnace annealing

with passivating oxide growth, and diffused junction formation on a 3 MW/yr production

line. The cost of laser annealing was estimated to be _.gt/watt compared 1;o 7.1t per

watt for the furnace anneal with oxide growth. However, the latter process was more

cost effective. This study shows that the projected efficiency for ion-implanted laser

annealed silicon solar cells would be its%, compared to 16._% with an oxide passivated

furnace annealed cell, or an estimated 13,% plus for a diffused junction cell. The module

costs for these three processes were estimated as $6._6/watt, $_.Sl/watt, ancl $6.20/watt

respectively. For crystalline silicon solar cells, ion-implantation with furnace anneal and

surface oxide passivation would be the preferred process at this production level

[ IIIIIII i
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SECTION I

INTRODI'CTION

m

The objective of this research contract is to determine if pulsed excimer lasers can

be used in a cost effective way to fabricate crystalline silicon solar cells.

Pulse excimer laser annealing was initially developed by R.T. Young, W. Wilson,

3. Narayan and others working at Oak Ridge National Laboratories. (l) Laser annealing of

ion-implantation had been demonstrated in 1973 (2) as had the related process of pulsed

electron beam annealing. (3) However, early laser annealing processes suffered from

microscopic beam non-uniformities which reduced the final efficiency of solar cells

fabricated in this way. These non-uniformities were caused by high-coherence

interference effects such as speckle. (q) Pulsed excimer lasers have an extremely short

coherence length compared to ruby or Nd:Yag lasers, and therefore do not show

diffraction effects or speckle in the beam.

The uniformity of the excimer laser beam is much better than that of the solid

state lasers, even when using a beam homogenizer. The Oak Ridge group demonstrated

that a small cell (p+nn ”�fabricatedby pulsed e_ .'imer laser annealing using

non-overlapping pulses (one large area beam spot) could have aJ_ efficiency of 16._%. (_)

This result, plus the development of a commercial exctmer laser usable by an operator

who is not a laser engineer, were the basis for the work to be reported.

Technical work on this contract was organized into five tasks. The first task

comprised selection of a fabrication process. The second task involved performance of

experiments to optimize parameters for the use of the laser in the chosen process. The

third task was to demonstrate that the laser source chosen had the required throughput

for the production level envisioned. The fourth task involved a demonstration of 8

quantity of product fabricated using the chosen process sequence. The fifth and final task

was to analyze the economics of the chosen processt and to make a comparison to the

baseline process listed in Table 1.

1-1
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"FABLE 1. PROCESS SEOV3ENCE

Baseline Pulsed Excimer Laser

Texture Etch Bright Etch

Rinse Rinse

Dry Dry

Diffuse 3unction Ion-Implant Front

Aluminum BSF Laser Anneal

Clean

Print Ag Back Print Ag Back

Print Ag Front . Print Ag Front

Laser Cut Fire

Test and Sort

Ceil Lay up

Prepare Materials

Lay Up

Bond,Heat, and Vacuumto

moduleLay up
Trim Sea/

FINAL TEST

Package Module

To meet the objectives of this research program Spire chose a laser-based junction

formation process which can be directly substituted for a typical diffused junction process

.presently in wide spread use in the PV manufacturing industry. The proposed process

sequence was selected with a view to use low-risk technology that will be commercially

available, In this way, successful demonstration should lead to rapid transfer of the

technology to manufacturing operations.

i-2
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The selected process sequence is shown in Table I compared to a conventional

process sequence. The new process replaces gaseous diffusion with ion-impiarilation ana

pulsed oxcimer laser annealing (PELA), Texture etching is replaced by i_otroplc etching

in the initial wafer cleaning procc,ss because the laser cannot uniformly irradiate this

surface (Section 3.1). The hydroflouri_: acid cieanin_ step neeaed after gaseous di/Zusion

Is del.eted in the new laser-based process sequence because ion-implantation ard laser

annealing are inherently clean processes which do not grow oxides or glasses. Also,

ion-implantation does not produce a shunting junction on the edge of the wafer, so

coin-stack edge etching is deleted from the baseline process sequence. Gaseous diffusion

requires aluminum deposition and firing to produce a back surface field (BSF) and to

counterdope the backside junction in the dllfusJon process, but this step can be sklppecl for

the PELA process sequence if the resistivity eL the silicon is low enough to obviate a

BSF. Th_ detecion of three process steps= texture-etchings plasma edfie etchingt and HF

clean, simplify the PELA processes sequence.

1-3
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SECTION 2

APPARATUS

This section Jescribcs in detail the annealing apparatus used in this work. A

schematic diagram of the experimental laser annealer is shown in Figure l. A photograph

of the apparatus with a two inch diameter sample partially annealed is shown in Figure 2.

The sample and {ocusing optics were mounted on an optical table that was separate from

the laser that was mounted on a cart. Positioning of the laser relative to the optical table

was not critical, and was adjusted to Z 1/8 inch at best. As shown in Figure l, a small

optical bench was mounted vertically on the optical table to hold a #5° mirror with an AR

coating that reflected the laser beam from the horizontal to the vertical. A cylindrical

focusing lens, also mounted on the vertical rail, was chosen to image the rectangular

beam from the laser (about I cm x 2 cm) onto the wafer surface (nominal spot size 0.7

mmx 30 ram). The lens was plane-convex with the ,=lat side up.

I_IROR

CYLINDRICALLENS

X-Y TABLEWI3"H
VACUUMCHUCK

FILTEREDlAMINAR
AIR FLOW

FIGURE I, EXPERIMENTAL LASER ANNEALING STA;['ION.

2-I
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Th_ °,ample was hrld on a vacuum chuck mounted on an x-y translation stag_. The

[latness and accuracy nf pos;tionin_,_ this stage ,,,'ere within 0.05mm . The alignment o[

the lens and its distance tn t.h_• sample holuer were set by ver.lier to within + 0,[ ram. A

micrometer adjustmc, nt for cor, trG!ling the ,_ocus was available but was not neocled. As

:;hewn in Figure 2, the" sample translati_n stage, but not the _ocusing lens, was placed

inside of a clean air hood. A hole was cut out ior light transmission through the plastic

hood n_=arthe lens. Because this plastic absorbed ultra-violet light it acted as a safety

shield aRainst stray reflected liRht. A small dedicated computer controller moved the

sta_e and triRgered laser firing.

FIGURE 2, _,, PHOTOGRAPH OF LASER ANNEALING APPARATUS,
(Darker part of sample shown has been allnealed.)

2-2
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The" laser llsed was a Ouestek model 22U0(6) (see Appendix A). Actually, five

different lasers were used in lhe course o[ this study. £ach was made available durin_ the

manufacturer's final testing. The results did nol vary with dilierent Instrument_ of the

same model. Flgllro 3 llIustrales the outpt't of the laser at its lens.

]'he uniformity o[ the I,_ser beam at the output of the laser (when properly

adlusted) is shown In Figure ], The intensity profile was measured along a line bisecting

the horizontal beam, It is uniform within 2% over the flat portion of thf; top hat shape,

Non-uniformities in this beam profile could be detected by a non-uniform annealinK

pattern on silicon or by using thermal sensitive paper (Figure 4), Maintaining the

uniformily of this beam in production was not iudged to be a problem,

The pattern of the beam at the sample position is shown in FiRure 4, The width of

the beam was measured at its greatest part in the most uniformly burned region of the

thermal paper, The length of the beam was measured between end points taken at the

half-width of the beam. The [luence was calculated as total energy divided by beam area

(length times width). To anneal a large area_ the beam spot, nominally 03 mm by 30 mm,

had to be overlapped. The typical scanning pattern Is shown In Figure .% Movement of

the sample in both a continuous and stepwise fashion was tested, No distinction In results

could be discerned for pulsing the wafer while in continuous motion (up to 10 cn,/sec) or

when stopped for step and repeat pulsing in which the laser was triggered at each position,

The output power of the beam was monitored on every pulse by using a beam

splitter and detector internal to the laser, The pulse energy was displayed on the laser

console and held constant by a microprocessor which could adjust the power supply

voltage, When the voltage across the discharge electrodes reaches Its maximum value the

microprocessor can no longer maintain a constant light output and an alarm Is sounded to

indicate that a change of gas Is needed, Under microprocessor control the stability of the

pulse-to-pulse output energy was better than +__%.

II III i -
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FIGURE 3. PULSED EXCIMER LASER BEAM INTENSITY (ARBITRARY

SCALE) VERSUS HORIZONTAl. DISTANCE (5 rnm per
d[vlsLon)AT OUTPUT I.ENS.
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Ell

FIGURE #_ BURN PATTERN FROM EXCIMER LASER AT FOCUSING
LENS (APPROXIMATE FLUENCE 0.1 J/cm 2 AT 308 nm).

*t,tLr

FIGURE#b. BURN PATTERN FROM EXCIMER LASER AT SAMPLE

POSITION (Same pulse as above, approximate fluence
1.031cm2).

1987067350-TSB01



( .25 sec)

u I0 ¢m
m

__ ly DIRECTION)

2.5 mm

0.7 mm _
30 mm

ii ii

I0 cm (x DIRECTION)

FIGURE 5. SCANNING PATTERN FOR ANNEALING A 100 cm 2 SQUARE
WAFER OR 10 crn DIAMETER ROUND WAFER (Total transit
time at 10 cm/sec is 5.._seconds.)
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The front surface reflectln 8 mirror was slivered and AR coated for q5° angle of

incidence at 275 nm (halfway between KrF and XeCl wavelengths). The initial cylindrical

focussing lens was piano-convex with both sides coated like the mirror. Self-focusing

effects in the beam damaged tne AR coating although the energy density (neglecting

self-focusing effects) was only 0.1 3/cm 2 or lower ._t this optical component. An

uncoated cylindrical lens reduced the transparency at 248 nrn to g0% compared to g2%

for the coated lens. Both lenses were fabricated from the purest quality synthetic quartz

(Suprasil II or equivalent).
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SECTION 3

PROCESS DEVELOPMENT

The following parameters are known to influence the results of laser annealing of

ion-implantation damage, surface preparation, type of ion implanted, ion-implant energy

and dose, sample temperature and atmosphere during laser anneal, the uniformity and

fluence of the laser beam, pulse width (or scan rate and spot size when using cw lasers),

wavelength, percent overlap of beam on successive pulses, and post-pulse thermal

annealing.

The parameter space described above was too large to investigate completely in a

one year program. Based upon past experiments at Spire Corporation with pulsed electron

beam annealing (7) the following ion-implantation parameters were fixed" phosphorus

implants at 10 keV to a dose of 2._xl015 ions/ore 2, normal to the sample surface.

Implants were carried out on the SPI-[oNTMI000 non-mass analyzed ion-implanter.

Several laser parameters were fixe#. Young et al. reported that a shorter pulse

width resulted in a deeper junction for fixed fluence, and lowered the threshold for

annealing. (g) Based on this data and the design of the laser used, a Ouise width of 25 ns

was used in all experiments reported herein. Also, because Young et al. reported no

advantage to heating the wafer during pulsed excimer laser annealing, (l) all experiments

performed in this program maintained the samples at room temperature during pulse

processing. All samples were annealed in a filtered air stream to minimize dust effects.

Laser annealing in air grows a thin oxide layer on the wafer surface, but this layer is not

passivating and does not affect device performance. Also, this oxide layer is too thin to

interfere with contact metall[zation by screen printing.

All silicon material used for this program, with one exception, was boron doped

typically I to 2 ohm-ore and (100) orientation. Both float zone and Czochralsk[ (CZ)

material were used. Two and three inch diameter wafers were used to determine the

effect of varying laser parameters while 100 mm diameter material was used to develop

screen printing processes compatible with annealing.

3-1
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The typical process sequence used in experiments is described below. All wafers

were cleaned after scribing identification numbers on their backs. They were then

implanted and cleaned again. Wafers were stored in a dry nitrogen box prior to laser

annealing. After laser annealing the wafers were cleaned a third time and selected

controls were heated in a furnace. For screen printed contacts, the backs were inked,

dried and fired. Ink was then applied to the front, dried and fired. Some ceils were then

dipped in buffered HF. For evaporation contacts, photoresist was applied to the wafer

front surface, prebaked, exposed, developed, and the front contact (Ti-Pd-Ag) was

evaporated immediately after an HF dip to remove the native oxide layer. This was

followed by lift-off, cleaning, evaporation of the back contact at 200°C (AI-Ti-Pd-Ag) and

Sintering at t_00°C for five minutes. The evaporated contacts were plated to a thickness

of 8 to 10 micrometers, and then ceils were sawed out of the wafers; either six 2x2 cm or

one 53 cm 2 cell per i00 mm wafer. Evaporated AR coatings (Ta20 _) were applied to
some wafers. Variations on this process sequence, such as thermal heating after laser

annealing, are described later.

The effects of the following parameters were studied in detail = surface

preparation, fluence, laser wavelength, and post-PELA thermal history.
\

3. 1 EFFECT OF TEXTURE-ETCHING

Previous reports (9) implied that laser annealing of texture-etched silicon surfaces

was feasible. However, good results were not achieved when irradiating this surface

structure with an excimer laser. Experimental results are summarized in "[able 2. At low

fluence it appears that the surface is unannealed, while at high fluence it appears that the

surface is damaged. Figure 6 shows photomicrographs of the melted surface.

The effects seen may be explained by th_ light ray diagram of Figure 7. incident

light must make at least two reflections off :his surface relief before any light is

reflected. The illumination of all of the surface is uniform for a uniform source on the

first incident (reflected) beam, but it is not uniform for the second reflection. In

particular, the base of the pyram|dS receives about twice the fluence seen at the top.

Thus one part of the surface must be unannealed, or the other part over-melted. Note

that this laser melts a very thin (--i00_) layer of the silicon very quickly and that

3-2
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TABLE 2. EFFECTS OF TEXTURE ETCHING AND VARYING FLUENCE
I

Polished Surface (No AR) With AR) Laser

CELL Voc 3sc _ F.F. Eff. Eff. fluence
ID (mV) (mA/cm z % % % (3/cm 2

39-20a _Sl 16.2 66.3 5.2 7.3 0.5
=,

20-IIb 532 22.# 61.# 7.3 10.2 0.g

20-6a 5_5 23.0 65._ g.2 11.5 l.O

20-7a 53_ 22.9 61.$ 7.6 10.6 I. I

20- i Ob 560 23._ 7t/.2 9.7 13.6 i.2

20-9b 578 23.0 7g.6 10.5 I q.7 l.g

39-23a 586 22.8 7g.9 10.5 1_.7 furnace control

Textured Surface

40-I 8b _,76 27._ 68.5 g.9 - 0.5

19-9b 522 27.6 60.7 8.7 - 0.g

19-12a 552 28.2 75.5 l 1.8 - 1.0

19-6a "52 26.0 75.1 10.8 12.6 1.1

19-7a 537 26.0 75.3 10.5 12.3 1.2

lg-_a 568 22.6 63.5 8.2 10.7 1.8

19-ga 583 29.5 75.3 12.9 15.1 furnace control

I I

* x 1.# elf. with no AR for polished surface.

3-3
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_I_'_l ' ' • *t,
,_tt'_g

Ik,(

NOT PULSED 1.4 J/cm2 1 PULSE

2 PULSES I I > 1.8 J/cm2 2 PULSES
5 pm

FIGURE 6. M ELTING OF TEXTURE-ETCHED SURFACES.

1987067350-TSB07



FIGURE 7. LIGHT REFLECTION AND REFRACTION ON TEXTURED
SURFACE.
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the coefficient for reflection from this molten surface is 0.6, (10) so that the power

density incident on the second reflection is nearly equal to that in the primary laser beam.

Some solar ceils were fabricated by applying evaporated contacts to excimer laser

annealed texture-etched surfaces (Table 2). The maximum output power from any of

these cells was about 90% that of the furnace annealed control, while the maximum

output power from laser annealed polished surfaces was comparable to the furnace

annealed control. All attempts to form screen-printed contacts to this textured material

resulted in badly shunted junctions. Therefore, all work for the demonstration experiment

was performed on polished or bright-etchecl surfaces.

3.2 EFFECT OF FLUENCE

The term fluence is used to described the time-integrated power density of the

laser beam at the sample surface over the full pulse width. For the short pulsed laser

used, the nature of the intensity-time profile will not significantly alter the results,

provided that the pulse width is constant. I

The fluence of the laser beam at the sample position could not be measured

directly because the energy density typically utilized would damage power meters. The

fluence was calculated from the total energy measured in one pulse at the laser and the

irradiated spot size burned in thermally, sensitive paper (Figure _). The Questek excimer

laser has an internal power meter which measured the energy of each pulse using a beam

splitter. Ths internal meter was calibrated by comparing readings to an external power

meter, traceable to NBS standards, placed at the beam exit of the laser. In addition, this

external power meter was used to measure the intensity of the beam about one inch below

the focusing lens, About g2% of the laser output power reached the power meter I)elow

,;_ the lens at a wavelength of 308 nm! 80% of the total outp=.,* reached the power meter a_

2_8 nm. Slits were placed on top of the focussing lent to determine the power lost to

stray light not in the most intense p_rt of beam. Stray light accounted for less than l °6 of

the total beam power.

The fluence of the beam could be changed with high relative accuracy by varying

the energy output of the laser. The energy per pulse could be varied at either wavelength

3-6
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within the range Gf 300 to _00 milli}ouleso The energy used most often was q00 m3 per

puiseo The fluence could also be varied by changing the position of the focusing lens to

vary the beam width, as shown in Figure 8. The length of the beam spot was altered very

little when the position of the lens was changed.

There are two physically important e(fects of varying the fluence for pulsed

excimer laser annealing. First, there is a threshold value which is the minimum fluence

required to melt a very thin layer of the s[ll_ n surface. This minimum will vary with

wavelength, surface preparation and implant parameters. From experiments performed In

this program9 the minimum value for polished wafers with shallow, high dose phosphorus

implants was about 1.0 3/cm 2. The second i_hysical effect is that increasing the fluence

increases the depth of melt. Since the dcpant diffuses rapidly in the molten silicon9

increasing the fluence will Increase the junction depth (Figure 9). For a ftuence near the

threshold value, increasing the junction depth is beneficial because ion-implant damage

extends well below the depth of the peak dose. This damage is not removed unless the melt

depth during laser anneal [s greater than the depth of the dama6..d reglon_ or unless there

are other high temperature thermal processing steps which wilt anneal the Eamage.

Electrically this damage contributes to excess leakage current which degrades solar celt

performance. Removal of residual damage with increasing junction (or melt) depth Is

believed to be the cause of increasing cell efficiency with Increasing fluence seen in

Table 2.

At high fluence levels the surface of the silicon may be damaged (Figure t0).

Because scattered light was seen from the sample surface when this type of damage

appeared, it is believed that a small amount of silicon in a very thin layer near the surface

was vaporized. The observed light was emitted by the( vapor as a result of chemical

reactions or fluorescence. The shock wave produced by this vaporization spalled some

further molten material into the crater-like pattern seen In Figure 1.0. As long as the

continuity of the emitter region was not interrupted by the damts_et the resulting solar celt

was still functional. Metalllzation over the damaged region did not shunt the junction. A

loss in power generated approximately proportional to the total damaged area of the cell
was measured.

At high fluence levels between the damage threshold (fluence unknown) and the

maximum tested with a uniform beamt about 2 3/cm2_ power will be lost in the resulting

3-7
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FIGURE 8, MAXIMUM LASER LINE ',_IIDTHAT SAMPLE AS A
FUNCTION OF L_.NS POSITION,
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JUNCTION
DEPTH (IJm)

4 PULSES
7_ 2 PULSES

I-'J FURNACE
ANNEAL

0.2

0 I.O 2.0

FLUENCE (J/cm 2)

FIGURE 9, 3UNCTION DEPTH VERSUS FLUENCE FOR LASER ANNEAL,
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FIGURE t0. DAMAGE TO POLISHED SILICON SURFACE FROM PELA DUE
TO HOT SPOTS. (DamaEe areas are hor|zontal features, solar
ceil metallization is diasonal iine_ masnif|cation 200x).

3-10
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laser annealed cell due to a excessively thick emitter layer that absorbs short wavelength
=;?_htin a region with a very low minority carrier lifetime. High fluence levels were not

tested in this program.

3.3 EFFECT OF WAVELENGTH

Pulsed excimer laser annealing experiments were performed using two type_ oi gas

fills, Kr and F 2 or Xe and HCh The two corresponding waveler.gths are 2_8 nm and

308 rim. The light output of an excimer laser using KrF is typically _0% higher than the

light output of any other gas fill at any other wavelength_ assuming equal input power.

Also the number of pulses which can be obtained from a typical single fill of Kr_ F2, plus

buffer gas is greater than the number of pulses for any other gas mixture except XeCI.

The light output for Xe, HCI, plus buffer gas is greater than the output for any other gas

mixture except KrF, and the number of pulses which can be obtained from a single fill for

this gas mixture is greater than for any other. The economic comparison is treated in

detail in Section 5. For potential product.ion use in annealing there is no reason to use

shorter or longer wavelengths and the choice in this work was limited to KrF _nd XeCh

.Experiments in annealing float-zone sllicoo wafers and fabrication of solar cells

using either 2q8 nm or 308 nm light are summarized in Table 3. No statistically

significant variation could be teen in cell efficiency. There is no technical reason to

prefer. 2qg or 30g nm light, only economical incentives apply. (Note that ozone generation

is minimal with either source and other safety issues are comparable).

3.q EFFECT OF POST PELA THERMAL TREATMENT

Several authors (ll' 12) have suggested that heating the wafers during or after

pulsed laser annealing would improve results. The improvement was more noticeable

when using pulsed Nd.Yag lasers, with conflicting results for pulsed excimer lasers. (1)

Three different experiments were performed in this program to test the effect of post

PELA thermal processing of the wafers. Typical time-temperature cycles were 6_0°C for

minutes In nitrogen, a cycle which could alloy an aluminum back contact. The results_

presented in Table _ are mixed. Some cells were improved by the thermal treatment,

some cells were degraded. We believe that some form of contamination reclucea the

minority carrier Ufetlme in those cells that were degraded by the thermal cycle.

3-1i
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TABLE 3. EFFECT OF LASER WAVELENGTH

i

R

Fluence A series M CDL 3 3s FF EFF.
[D 3/cm 2 (nm) ohms pm pA?cm 2 V°cmv mA_Ccm2 % _

#_39
_m_mml,

13a Furnace Anneal ...... 590 23.# 78.0 10.8
13b Furnace Anneal .3#9 155 3.2 591 23.3 78.7 10.9

l#a 1.3 20,8 .333 79 67.1 508 22.5 75.0, 8.6
l_b 1.3 2#8 .... 509 22.5 73.6 8.0,
15a 1.5 20,8 ..... 568 21.3 75.8 9.1
15b 1.5 2#8 .319 59 6._ 568 21.3 76.8 9.3
16a 2.0 20,8 ..... 565 20.3 72.5 8.3
16b 2.0 2_8 .256 31 6.6 565 20.2 7#.5 8.5
17a hO 2_8 ..... 0,90, 20.9 7#.7 7.7
17b 1.0 2_8 .0,78 56 112. #9_ 20.8 75.7 7.8
18a 1.3 308 .318 60 9.3 55t_ 21.2 71.I 8.0,
18b 1.3 308 ..... 553 21.2 68.9 8.1
19a 1.5 308 2.9 10, 7.0 50,9 19.6 #8.0, 5.2
19b 1.5 308 -- I0 9.2 #89 20.7 32.6 3.3
20a 1.5 308 .329 58 6.0, 560 20.6 61.0 7.0
20b 1.5 308 ..... 555 203 56.1 6.#
21a 2.0 308 .26# 62 6.1 562 20.0, 52.5 7.2
21b 2.0 308 "-" -- -- 50,9 20.I #9.5 5.5
22a 1.0 308 .... 528 21.2 73.3 8.2
22b 1.0 308 .3#I 52 2#.6 531 21.2 75.6 8.5

#50,0

2a 1.3 2_8 ...... 506 27.6 66.9 9.0,
2b 1.3 20,8 .378 129 5#.6 51# 28.1 72.5 10.5
3a .8 2#8 ..... #83 27.7 71,0 9.._
3b ,8 2#8 .0,35 89 158. 0,88 27.8 72.0, 9.8

22a 1.0 308 -- -,- -- 527 27.7 60.5 8.8
22b 1.0 308 .0,63 128 #2.7 522 27.1 68.0, 9.7
23a 1.3 308 .... 0,99 20,,6 0,0,.I 5,0,
2_a 1.0 308 ,29_ 130, 25.2 509 27, l #7.8 6.6
25a .8 308 .... 512 28.9 61.2 9,0
25b .8 308 .330, 137 _#.9 509 28.1 60,.1 9.1

Note: No AR coatings employed. Cell area is # cm 2.

3-12
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TABLE #. EFFECTOF POST-PELA HEATING

Post R

Fluence A Overlap // PELA series MCDL 30 Yoc 3sc ,, FF. EFF.
ID 3/cm 2 (nm) ?6 passes temp ohms pm pA/cm 2 mV mA/cm h % ?6

#_39

5a Furnace Anneal .250 I#9 3.7 58# 2?.3 7_.7 10.3
5b Furnace Anneal .290 I#5 #.0 577 23.1 6#.3 8.6
6a 1.5 308 60 I -- .330 #3 6.2 565 20.# 73.0 8.#
6b 1.5 308 60 I .... 557 20.# 59.2 6.7
7a 1.5 308 60 l 650 -- -- -- 575 21.9 60.8 7.7
7b 1.5 308 60 l 650 .176 97 %3 577 21.8 75.0 9.#
8a 1.5 308 60 I -- .269 #I 6.7 565 20.2 76.8 8.7
8b 1.5 308 60 I .... 561 20.2 72.6 8.2
9a 1.8 308 50 I 650 -- -- -- 570 20.3 75.0 8.7
9b 1.8 308 50 l 650 .205 56 5.6 571 20.# 75.8 8.8
lOa .9 308 85 I -- 1.980 #6 #2.9 516 21.5 72.8 8.I
lOb .9 308 85 I .... 510 21.I 70.I 7.5
1la .9 308 85 2 650 .378 65 6.9 568 22.2 73.9 9.3
1lb .9 308 85 2 650 .#07 70 7.1 56# 22.3 69.8 g.8
I2a 1.5/.9 308 60/85 2 -- .276 7# 6. I 568 2 I. 1 72.7 8.7
12b 1.5/.9 308 60/85 2 .... 56# 21.# 6#.# 7.8

#5#0

la 1.1 308 80 1 650 -- -- -- 525 26.1 57.6 7.9
lb 1.1 308 80 l 650 .258 g7 18.g 539 27.0 6#.5 9.#
7a l.l 308 80 I 650 -- -- -- 512 25.6 50.I 6.6
7b I.I 308 80 I 650 -- -- --- 523 26.2 #2.9 5.9
8a Furnace Anneal .... 553 29.0 61.1 9.8
8b Furnace Anneal .301 192 II.I 567 28.# 21.2 I1.5
IOa I.I 308 80 I -- .255 132 32.# 523 28.1 62.5 9.2
l Ob 1.1 308 80 1 .... 521 27.8 63.3 9.2
12b 1.1 308 80 1 .... 508 28.1 #6.0 6.6
15a I. 1 308 80 l .... 509 27.# 57.3 8.0

Note: No AR coatings employed. Area is # cm 2.

3-13
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In some of the wafers the post-PELA thermal cycle had no effect (presumably not

contaminated). The comparison between screen printed contacts fired at over 730°C anti

evaporated contacts sintered below _00°C in Section # supports this result. Heating of

ion-implanted wafers during or following PELA does not appear to be advantageous.

3.5 SCREEN PRINTED CONTACTS

The development of low cost contacts for ion-implanted and excimer laser

annealed cells was based on the thick film technology. This technology is widely utilized

in the production lines of most manufactures of silicon solar celts today_ and represents an

accepted mass-production technique. The experimental development took the following

path: screen design and fabrication_ furnace profile adjustments_ ink anaiysis_ and a mock

production run.

The grid pattern optimization utilized a computer analysis of contact loss

mechanisms to design the grid spacing. Two designs were generated_ the first for printed

Hne widths of 7 mils and the second for 15 rail widths Table _ indicates the other

variables used in the optimization program.

The optimal value for grid spacing wa_ determined to be 120 mils for the narrow

line widths and 280 mils for the wide line widths. A sample analysis of loss for the 7 mit

width gave a power loss due to contacts of 12% with 6% due to shadowing_ 3% due to

sheet resistance and 3% due to bulk metal resistance. No provision for contact

resistance9 a potentially major component in thick film contactsp was available in the

model. The front grid pattern was then fabricated on a stainless steel screen. An

emulsion thickness of 0.5 mils gave the best results_ with a surprising sensitivity of cell

results to this variable. Figure 11 shows the front pattern. Note that the SPIRE logo is

deleted on function,_i cells. The back metal print was a full-area contact.

Development of an acceptable firing profile was a very important issue in ligh_ of

past reported difficulties with thick, film contacts on ion-implanted wafers. We used an

infrared belt furnace to achieve fast firing. Although we made several modifications to

u the furnace in an attempt to achieve the required spike profiler we were never able to

achieve the necessary fast cool-down required for the ink we used. A recorder tracing
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TABLE 5. VARIABLES USED TO DEFINE PATTERN FOR SCREEN
PRINTED CONTACTS

i

Wafer Sheet Resistivity _0 ohms/square

Voltage at Maximum Po_ver 0,_ volts

Current Density at Maximum Power 0.03 amps/cm 2

Metal Bulk Resistivity I2 micro-ohm-cm

Contact Height l_ micrometers

!

FIGURE 11. SCREEN PRINTED FRONT CONTACT PATTERNS ON I00 mm
WAFERS AND POLYCRYSTALLINE SQUARES,

3-1_
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of the profile of the furnace temperature is shown in Figure [2 as determined by

thermocouple mounted between two ceramic plates. There Is some question as to whether

this [s indicative of the profile a silicon wafer would experience, but it was a means of

establishing a best case and reproducing it. Over the course of the process development

many different profiles were attempted, but this particular profile gave the most

consistent cell characteristics.

Constrained by both the number of wafers to process and the time in which to

develop that process, we decided to limit our analysis to only a few inks from one

manufacturer. Previous experience with Thick FiLm Systems (TFS) ink had been

favorable, so those products were chosen. Initial experiments were performecl on

ion-implanted wafers which were furnace annealed, as these were more readily availabie.

I I |l

15 inches
=1

Jel

•_ if- l l i l l l _ | l

0 100 200 300 400 500 600

TEMPERATURE (*C)

FIGURE 12. BELT FURNACE TEMPERATURE PROFILE (RECORDER
TRACING).
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After discussion with TFS* we decided to use a new low-temperature firing ink, //3330.

We attempted to co-fire the fronts and backs, using either GS0_ or 3398: both Ag with

3% A I doping for the back contacts. The best results on cells were 9.5% to i0,°6 on

polished wafers. The same experiment on diffused wafers (same wafer manufacturer and

lot) also gave the same results, thereby indicating that there are no inherent limitations in

applying screen printing to the ion-implanted wafers. One recurring difficulty was the fill

factor, we require a brief HF etch to achieve 70% fill factors. The front ink was the

difficulty, and we found that it was low-temperature glass, but of higher content than the

5% normally required for good as-fired results.

We then went exclusively to the (proprietary) doped Ag front ink #33#9 for the

remainder of the development work. Using this ink, and a longer firing schedule on the

back ink, we achieved a best result of 7q% fill factor (as fired) on diffused wafers. _e

were unable to subsequently repeat those results on either diffused or ion-implanted, and

had to resort to HF etching to improve fill factors from typically 6#% to 72%. While we

do not consider this method an acceptable production process, we do feel it is indicative

of the results one can obtain with proper firing profiles, and that our limitation was

strictly in the mechanics of the furnace used for firing.

The question of a back surface field (BSF), and specifically the use of a printed A 1

ink and fire-in were also briefly addressed. Several of the wafers were printed with TFS

A I ink it55t)0 and fired at 800C for _ minutes. Following a clean up, they were printed

_'ith the Ag/AI ink that was routinely used, and fired with wafers that did not have the

A I applied prior to firing. The resultant cells were identical in all respects, including the

open circuit voltage of 581 mV. While no BSF appeared to be present, the quality of the

material (as discussed in previous sections) was suspect and may have limited these results

because of low minority carrier diffusion lengths. For the remainder of the samples no

separate A 1 print and fire was performed.

The parameters defined in the development stages were then used on the

"production run" of over 100 wafers. These parameters had resulted in best ceil

efflciencies (without AR coating) of 8.7% on laser annealed wafers. This run as discussed

previously, was necessary to generate the process statistics. The parameters for firing
were as follows:

*Thick Film Systems, Santa Barbara, CA.
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I
Print back ink, TFS tlG503 or 113398

Dry back contact, 10 minutes at 120°C under heat lamp

Fire back contact, _ minutes at 800°C in air atmosphere

Printfrontgrid,inkTFS I133t_9

Dry frontcontact,._minutes at 120°C

Fire front contact, l minute at 725°C (setting), IR bei*. furnace

Test

The wafers left for the demonstration experiment (Section _) were principally the

wafers which were annealed with a "hot-spot" (lot #q636, Figure 10). These 6_ wafers

were processed and the final results were tabulated. These results are summarized in

Table 6 along with the other cells processed. The results of a brief HF etch (5,% solution

for 3 seconds) are also presented for 29 cells from the first lot #t_636. Two other small

lots, #q6_2 and IIt_6_3 were also processed, and results from these lots after HF etching

are presented. The last entry, lot ##638 are the furnace annealed "control" samples.

TABLE 6. AVERAGED PERFORMANCE OF LASER ANNEALED CELLS
WITH SCREEN PRINTED CONTACTS

LOT # SAMPLES Voc 3sc FF EFFICIENCYi

_636 6# .582 19.6 63% 7.2%

_636e 29 ._s82 20.6 67% 7.8%

_6_2 20 .581 19.9 71% 8,2 %

_6q3 lO .57t_ I9.7 72% 8._%

_638 lO .583 21.2 71% 8.8%

During the processing of the wafers, no samples were broken.

3-18
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3.6 POLYCRYSTALLINE CELL PROCESSING

Polycrystalline SILSO material was also processed using the above described

production sequence. The resulting cell performance data are listed in Table 7. The

mean variation in results was much greater than for single crystal material as might be

expected. Variations in firing temperature by 25°C had no discernable effect, The grid

pattern used is shown in Figure 11 for the finished SILSO cell. Two cells were also

processed which had not received an anneal, The attempt was made to find whether or

not the anneal could be done in-situ as part of the metalllzation process, Initial results

looked quite promising as indicated in the following:

Laser Annealed Silso: 53% average efficiency

6. l ,% best efficiency

Thermal Annealed Silso: 5.2% average efficiency

5.6% best efficiency

No AR coatings were applied. One wafer broke during processing, due to the

bowing of the wafers during the back metallization firing.

TABLE 7. DEMONSTRATION EXPERIMENT: Screen Printed Contacts on

Laser Annealed Polycrystalllne Material
i I

Cell Voc 3s FF Efficiency
ID (mY) (m_cm 2) (%) (%)

i

2 494 16.9 61.3 5.1
3 501 16.8 64.9 ._.5
4 508 17.8 69.2 6.1
5 504 16.3 70.0 5.8
6 511 17.1 71.7 6.3
8 511 16,7 69.g 5.9
9 506 16.8 64,8 5,5
12 499 17.2 64.7 5.5
13 506 17.7 65,9 5.9
i 4+ 506 16.3 63.6 5.2
15* 49_ 16.8 58.5 4.9
i6" 509 17.I 63,8 5.6

No AR coating.
+ Ail ceilsI00 cm 2,except 14 (chipped)uncorrected.
* Cell i5 and 16 unannealed except for firing furnace treatment of screen

printed contacts,
3-19
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SECTION/_

DEMONSTRATION

_.I DEMONSTRATE PROCESS AT PRODUCTION SPEED

The objective of this task was to demonstrate the ability of the chosen laser to

implement the selected process. The data was used to calculate the throughput for the

cost estimates of a production line presented in Section 5.

The throughput was originally estimated at 600 wafers per hour with g0% uptlme.

This value is limited by the ion-implanter capabilities. With the possibility that a reduced

ion-dose may be acceptable, the throughput estimates were increased to 700 wafers per

hour to match the rest of the production line. The chosen laser must be able to anneal a

100 mm wafer (round or square) in a time between 5.1q and 6.q3 seconds to meet this

throughput requirement.

The test was witnessed by a 3PL observer. The scanning pattern for annealing is

shown in Figure 5 along with the time required to complete each leg of the "pattern. The

laser successfully annealed the wafer with a l0 cm/sec velocity, 150 Hz repetition rate, a

330 m3 pulse energy, and a beam width of 0.6 mm. The total time for motion is 5.5

seconds. However, the time required for acceleration, deceleration, and a pause for relay

trip time at the end of each motion step added 0.5 second for each line scanned by the

motorized x°y table, bringing the total processing time to 7.5 seconds. This time can be

reduced by using either continuous motion or by better table driving electronics.

The demonstrated processing throughput capability of the Questek 2260 excimer

laser exceeds 25 cm2/sec with 50 watts of light output at 2qg nm, providing the dead time

can be reduced to zero. The dead time is that period during beam scanning when the laser

Is not usefully annealing material. For example, the dead time shown in Figure 5 is 1.5

seconds (plus the time required to lqad and unload the scanning table). For production

purposes it !s assumed that the wafers will be moving on a continuous belt from a cassette

Lu_load=r to the front contact screen printer. The laser beam can then be rastered over

the surface of the moving wafer by a beam scanner using rotating mirrors. This reduces
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loading/unloading dead time for a production annealing system to zero. Because rotating

mirrors have much higher acceleration and ultimate velocity compared to the 10 kg

translating table, the 1.5 second dead time in Figure 5 can be reduced to less than 0._

seconds for even the slowest typical scanners** The question is whether the beam focus

can be maintained for such a large spot size when the true distance between the laser and

sample varies using rotating mirrors. New compensating optics with dynamic focussing

adjustments* combined with a large tolerance for focussing error (see Figure 8) can

maintain the beam quality, and the throughput desired,

4.2 DEMONSTRATE PRODUCT

The. objective of this task was to produce a quantity of product using pulsed

exctmer laser processing to estimate the actual efficiency and yield of this process in a

production environment. Due to a delay in developing an adequate screen printed contact

procedure the wafers used for this demonstration experiment were split into two groups_

100 wafers (plus controls) received screen printed contacts and 92 additional wafers (plus

controls) received fine-line evaporated contacts.

The material comprised Monsanto CZ silicon with a specified resistivity of I to

3 ohm-cm, 100 mm diameter wafers with d polished front surface and a lapped back

surface finish. These wafers were cleaned, but not etched, Implanted with phosphorus to

a dose of 2.5 x 1015 ions/cm 2 using the SPI-IoNTML000o The dose uniformity at implant

was estimated to be better than +10%, across each wafer and from wafer-to-wafer. The

material was stored in a nitrogen atmosphere until just before laser annealing. The laser

parameters were 2q8 nm light at #00 m3 per pulse at a repetition rate of 20 Hz. The

beam width was 0.7 mm and the estimated fluence was 1.6_ 3/cm 2 when illumination was

uniform.

*General Scanning Inc. Watertown, MA
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After l;_ser annealing the wafers were cleaned again and contacts applied. The

screen printed contact process was described in Section 3._. Evaporated Tl-Pd-Ag

contacts were defined by photoresist. After lift-off and sintering at q00°C the contacts

were plated to a 10 Izm line thickness. Large area cells (_3 cm2), shown in Figure 13,

were then cut from the wafer and measured. The shaded area for fine-line contacts was

3%, and for screen printed contacts it was 8%. A few cells from both groups had AR

coatings applied. In all cases the maximum power output was increased by a factor of

1.#0 a(ter AR coatings were applied.

Solar cell results for this demonstration experiment with screen printed contacts

are presented in Table g. Solar ceil results with fine-line evaporated contacts shown in

Figure [3 are presented in Table 9 for the demonstration experiment. The difference in

average maximum power for the two groups of ceils, neglecting surface damaged celts, is

entirely consistent with extra metal coverage by screen printed contact pattern, and the

lower fill factor of the screen printed pattern (attributed to ink problems). This implies

that the PELA process is consistent with screen printed contacts on polished or bright

etched surfaces.

Results are summarized in Table 10. The average efficiency will be used in the

economic analysis (Section 5). No wafers were lost during the laser annealing process.

Automated.equipment could easily detect the scattered light generated when the wafer

surface is damaged and this would avoid the electrical yield loss noted in this experiment.

Therefore, yield loss during PELA will be limited to typical wafer breakage rates with

automated equipment.
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TABLE 8. DEMONSTRATION EXPERIMENT= SCREEN PRINTED CONTACTS
ON LASER ANNEALED WAFERS

no HF etch after HF etch

CELL Voc 3sc F.F. Elf. Voc 3sc F.F. Elf.
ID (mV) (mA/cm 2) (%) (%) (mV) (mA/cm 2) (%) (%)

I II II

36-01 575 1$.6 57.9 6.2 582 20.1 6_.9 7.7

36-02 575 20. l 59.8 6.9 579 20..3 67.8 8.0

36-03 581 19.8 60.7 7.0 582 20.8 63.0 7.6

36-04 582 19.6 6[. [ 7.0 584 20.6 20.6 7.7

36-05 582 19.9 64.0 7.4 584 20.5 67. l 8.0

36-06 583 19.9 64.2 7.4 584 21.3 65.0 8.1

36-07 580 20.1 55.6 6.5

36-08 583 19.8 65.0 7.5 584 20.4 67.1 8.0

36-09 581 20.0 64.2 7.5 583 20.3 67.9 8.0

36-10 578 19.4 58.0 6.5

36-11 579 19.4 63.0 7.1 581 20.9 66.3 8. l

36-12 583 19.4 65.0 7.3

36-13 580 19.3 62.1 6.9

36-14 581 19.6 63.4 7.2 582 20.8 67./_ 8.2

36-15 585 19.1 63.9 7.2

36-16 582 19.6 62.8 7.2 583 20.5 69.1 8.3

36-17 584 19.6 65.0 7.4

36-18 582 19.5 64.3 7.3

36-19 587 19.7 67.8 7.9

36-20 583 19.7 62.1 7.1

36-21 585 19.7 65._ 7.5

36-22 585 19.5 6t_.8 7.4

36-23 580 19.5 58.7 6.6

36-24 584 19.5 6#.6 7.3

36-25 583 19.4 65.5 7.4

I ii i i _ I

No AR coating.

All cells 78 cm 2 (100 mm diameter).

All cells 36-xx had surface damage.
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TABLE 8. DEMONSTRATION EXPERIMENT: SCREEN PRINTED CONTACTS
ON LASER ANNEALED WAFERS (conginuec0

no HF etch alter HF etch

CELL Voc m3/_ F.F. Eft. _/m_ 3 F.F. F,ff.ID (mV) ( cm 2) (°6) (%) ) (mAS_cm2) (%) (,_)

36-26 580 19.9 58.7 6.8 578 19.8 66.8 7.6

36-27 58# 19.5 66.5 7.6 582 19.6 66.5 7.6

36-28 581 19.6 62.7 7.1 581 19.9 67.0 7.7

36-29 58_ 19.9 61.7 7.2 583 - - 7.6

36-30 582 19.2 62._ 7.0 581 19.8 66._ 7.6

36-31 583 19.2 65.2 7.3 582 20.0 66.9 7.8

36-32 583 19.3 63._ 7.1 582 20.2 66.8 7.9

36-33 58_ 20.0 62.5 7.3 583 20.0 69.0 8. l

36-3_ 583 19.9 6 3.6 7._ 579 - - 7.5

36-35 581 19.5 64.1 7.2 582 _0.3 65.1 7.7

II 36-36 581 19.3 6#.8 7.3 581 20.0 68.1 7.9

36-37 583 19.7 66.9 7.7 582 19o9 68,0 7.9

36-38 580 19.3 60.9 7.3

36-39 585 19J4 66. l 7.5

36-00 579 19.1 60.8 6.7

36-_ 1 580 19.5 60.5 6.8

36-02 582 19.3 60.3 7.2 582 7.6

36-_3 582 19.6 63.0 7.2

36-0_ 578 19.0 59.2 6.6 579 20.2 62.0 7.3

36-05 581 19.6 65.9 7.5 582 - - 8.1

36-06 587 20._ 63.3 7.6 587 20.5 67.8 8.2

36-#7 582 19.0 63.7 7.0 - -

36-_8 585 19.8 60.3 7._ 586 - - 8.2

36-09 586 20.2 65.._ 7.7 585 20.7 67.0 8.2

I

No AR coating.

All cells 78 cm 2 (100 mm diameter).

All cells 36-xx had surface damage.
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TABLE g. DEMONSTRATION EXPERIMENT: SCREEN PRINTED CONTACTS
ON LASER ANNEALED WAFERS (continued)

II ....

no"HF etch atter HF etch

CELL Yoc m3_ F.F. Elf. Voc 3so P.F. Ell.ID (mY) (.,,,, cm 2) (70) (70) (mY) (mAlcm 2) (7o) (70)
II

36-76 .56.5 19.0 .56.1 6.0

36-77 .576 19. I 6.5.9 7.3

36-78 .572 19.2 64.0 7. I

36-79 .570 19.0 65.0 7.3

36-80 .568 19.5 62.7 6.9

36-81 .572 18.9 6.5.0 7. 1

36-82 .56.5 18.3 63..5 6..5

36-83 .57.5 19.2 .59.6 6.6

36-8_ .569 19..5 62.0 6.9

36-8.5 568 19.3 62..5 6.8

36-86 .567 18.9 60.8 6..5

36-87 568 19.2 67.9 7.0

36-88 572 18.8 67.9 7.3

36-89 372 19.0 71.6 7.8

36-90 `576 18.9 74.0 8.0

36-91 .572 18.9 6_.7 7.0

36-92 575 19.1 72.6 8.0

36-93 576 19.0 72.9 8.0

36-90 571 19.3 72.0 7.9

36-9`5 575 19.0 72.0 8.0

36-96 575 19.8 70.0 8.0

36-97 _/2 |8.9 72.t_ 7.8

36-98 573 19.4 69.6 7.7

36-99 `57.5 19.9 70.9 8.1

I i

No AR coating,

All cells 78 cm 2 (100 mm diameter).

All cells 36-xx had surface damage.

_6
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TABLE 8. DEMONSTRATION EXPERIMENT: SCREEN PRINTED CONTACTS
ON LASER ANNEALED WAFERS (concluded)

| I

no HF etch alter HF etch

CELL Voc 3_: F.F. Elf. Voc 3sc F.F. Elf.
ID (mV) (mA/cm 2) (%) (%) (mY) (mA/cm 2) (,%) (%)

t
II I i ii II

#2-2# 583 19.8 73.1 8.#

#2-25 582 19.7 73.3 8,#

#2-26 577 19.5 70. I 7.9

#2-27 582 20.0 71.3 S.3

#2-28 578 19.7 68.9 7.9

02-29 58# 19.5 69.7 7.9

42-30 582 20.0 70.1 8.2

#2-31 581 19.8 66.5 7.6

#2-32 582 20.0 71.8 8.#

42-33 582 19.6 69.4 7.9 slight surface

#2-3# 584 19.6 70.5 g.l damage (variable)

#2-35 583 20.0 71.1 &3 I
T42- 37 578 19.5 66.# 7,5

'#2-39 582 19.7 7#.8 8.6

I#2-_0 581 19.8 7#.1 8.5

#2-#1 580 19.9 72.9 E# no surface

42-42 580 20.2 71.3 8.4 damage

#2-#3 582 19.9 72.5 8.4

42-44 578 20.7 70.2 g.#

#2-#5 580 20.5 71.0 8.5

37-26 580 19.9 70.9 8.2

37-50 580 20.2 72.7 &_

38-9 586 21.2 71.9 8.9 A

/38-I0 579 21.2 68.6 E#

3g-I 1 _8# 21.5 71.# 9.0

38-I 2 _8# 21.2 70.3 &g Furnace

38-13 585 21.6 71.3 9.0 Annealed
&

38-1_ _85 21.4 71.3 E9 /

38-2# 583 21.6 7I.# 9.0

38-25 583 21.7 71.2 9.0

38-3_ 582 19.5 74.5 8.5
I I i II I

No AR coating. All cells 78 cm 2 (100 mm diameter). All cells 36-xx had surface
damage.
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FIGURE 13. EVAPORATED CONTACT PATTERN ON :53cm 2 CELL.
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TABLE 9. DEMONSTRATION EXPERIMENT" EVAPORATED CONTACTS ON
LASER ANNEALED CELLS

I

Js F.F. Eft.(m_cm 2) (.%) (%)CELL ID

37-26 582 22.2 77.7 10. I

37-27 576 18.6 83.t$ 9.0

37-28 586 22.0 78.3 10.1

37.-29 582 + + 10.0

37-30 587 21.7 78.8 10.0

37-31 587 22.0 7g._ I0.I

37-32 578 21.I 77.9 9.5

37-33 585 22.2 78.1 lO.l

37-3_ 580 21.1 78._ 9.6

37-35 582 21._ 7g.7 9.8

37-36 581 21.8 78.7 10.0e

37-37 578 21.7 78.3 9.8

37-38 579 21.3 77.0 9.5

37-39 576 21.2 77.9 9.5

37-o,0 576 21.5 78.3 9.7

37-t$1 581 21.l 79.6 9.7

37-_2 579 21.8 77.7 9.8

37-43 579 21.8 78.7 9.9

37-#_ 579 21.7 77._ 9.7

37-_5 579 21.3 79._ 9.8

37-_6 581 21J$ 7_.0 9.2

37-t$7 58 [ 2 [.g 76.6 9.7

37-#8 580 21.5 80.0 10.0

3g-15 5g_ 22.3 77.0 lO.O"

38-16 .S8_ 22.0 78.7 10.1"

m 1

* Furnace Annealed control.Firstlotof 25 wafers processedtogether.

+ Data lost.Allcells53 cm 2, no AR coating.

_-9
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TABLE 9. DEMONSTRATION EXPERIMENT" EVAPORATED CONTACTS ON
LASER ANNEALED CELLS (continued)

Voc 3sc F.F. Elf.
CELL lD (mY) (mA/cm 2) (%) (%)

37-51 578 20.9 7g.4 9.5

37-54 576 21. l 77.5 9.4

37-55 579 21.0 78.8 9.6

37-56 569 ! 9.6 72.1 8. l

37-58 58[ 20.8 78.3 9.5

37-59 580 2[.0 78.5 9.6

37-60 580 21.2 78.4 9.7

37-61 583 20.$ 78.7 9.6

37-62 578 21.3 75.2 9.6

37-63 581 21.4 78.0 9.7

37-64 582 21.2 78.7 9.7

37-65 580 21.0 77.8 9.5

37-66 579 21.3 78.9 9.7

37-67 576 20.7 7g.6 9.4

37-6g 577 20.3 7g.3 9.2

37-69 580 21.0 7g.6 9.6

37-70 579 21.0 76.9 9.4

37-71 581 21.3 77.9 9.6

37-72 584 2l. l 78.6 9.7

37-73 _77 20.9 78.8 9.5

37-74 577 21.0 76.9 9.3

37-75 579 20.5 78.2 9.3

38-77 573 20.4 75.5 8.g

38-17 580 21.5 76.5 9.5*

38-18 582 21.9 76.9 9.8*

I

* Furnace annealed control.

Second lot of 25 wafers processed together.

_,-10
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TABLE 9. DEMONSTRATION EXPERIMENT: EVAPORATED CONTACTS ON
LASER ANNEALED CELLS (continued)

(m_cm 2) (%) (%)CELL ID

37-78 _75 21.5 77.1 9.5

37-79 578 21.6 77.8 9.7

37-80 578 21.8 77.5 9.7

37-$1 578 21.5 78.2 9.7

37-82 579 21.5 78.3 9.7

37-83 575 21.2 77.8 9.5

37-85 579 21.8 78.3 9.9

37-86 550 21.3 76..5 9._

37-87 580 21.0 77.8 9.5

37-88 582 21._ 77.5 9.6

37-89 577 21.2 78.3 9.6

37-90 580 21.5 78.8 9.8

37-91 _ 580 21.6 78.2 9.8

37-92 583 21.5 78.t_ 9.8

37-93 576 21.5 78.1 9.7

37-9_ 581 21.5 78.3 9.8

37-95 579 21.7 76.9 9.7

37-96 576 2 I.O 77.0 9.3

37-97 578 21.5 78.2 9.7

37-98 576 21.5 77.9 9.7

37-99 577 21.t_ 78.2 9.7

37-I00 ,577 21.1 78.0 9.5

38-19 579 21.8 76.7 9.7*

38-20 582 ;.2.2 76.9 9.9*

* Furnace annealed control.

Third lot of 25 wafers processed together (one lost to breakage).

#-11

1987067350-TSD05



TABLE 9. DEMONSTRATION EXPERIMENT: EVAPORATED CONTACTS ON
LASER ANNEALED CELLS (concluded)

• i

Voc 3sc _ F.F. Eft.
CELL ID (mY) (mA/cm') (%) (.%)

i

42-I 578 21.0 78.0 9.5

/_2-2 580 20.9 77.7 9.4

152-3 579 20.9 78.3 9.5

#2-_ 581 2 l.O 77.8 9.5

42-5 579 20.9 78.9 9.5

42-6 581 21.0 78.1 9.5

42-7 580 20.8 78.7 9.5

42-8 580 21.0 78.6 9.6

t)2-9 581 20.9 78.7 9.6

_2-I 0 581 20.9 77.3 9.#

#2-11 580 21.1 77.5 9.5

/_2-12 577 20.8 78.3 9.t)

_2=13 576 20.6 78.3 9.3

:_2-1 _ 582 21.2 78.2 9.6

t_2-15 581 21.2 77.8 9.6

_2-I6 580 21.2 78.3 9.7

t_2-17 577 20.3 78.4 9.2

t42-18 581 21.3 78.1 9.6

t_2-19 580 21.2 77.9 9.6

_2-20 578 21.0 78.6 9.5

t)2"21 577 :_I.0 77.7 9.t)

t)2-22 580 2 I.1 78.8 9.6

38-23 581 21.2 78.7 9.7

38-21 581 22.I 76.7 9.8*

38=22 581 21.5 76.9 9.6*

1

* Furnace annealed control.

Fourth lot of 25 wafers processed together.
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TABLF. 10. SUMMARY OF RESULTS FOR DEMONSTRATION
EXPERIMENT (Non AR coated)

Lot # Voc 3sc FF Eff.
# Samples (mV) (mA/cm 2) (%) (_)

A 25 581 (2) I%9 (0.3) 71 (2) 8.2(0.3)
(bestsample) 528 19.7 7t_.8 8.6

B 75 582 (2) 20.6 (0.3) 66(2) &0 (0.2)
(best sample) 587 20.5 69 8.3

C 10 583 (2) 2h2 (0.6) 71 (1) 8.8 (0.3)
(bestsample) 583 21.6 7h# 9.0

D 92 5g0 (3) 21.2 (0.3) 78.1 (.6) 9.6 (.2)
(best sample)

E $ 582 21.7 77.0 9.8
(best sample)

F II 505 (7) 17.2(I) 65 (3.8) 5.7(0.5)
(bestsample) 511 17.I 71.7 6.3

A: Laser annealed without surface damage, with screen printed contacts.
B: Laser annealed with minor surface damage and screen printed contacts,
C: Furnace annealed with screen printed contacts.
D: Laser annealed with fine-line evaporated contacts.
E: Furnace annealed with fine-line evaporated contacts.
F: Polycrystalline silicon, laser annealed with screen printed contacts.

The furnace annealing control results presented in Table 10 are considered below

average for this processing sequence at Spire Corporation. An average efficiency of 10.7

percent without AR coatings would be expected. The discrepancy is related to the lapped

and unetched back surface of the wafers, The proposed production sequence (Section 5)
would etch both sides of the wafers.

#.3 EVALUATION OF PELA SOLAR CELL5

t

Data presented in Table II indicate that the furnace annealed control cells were

more efficient than laser annealed cells for identical processing. This is opposite to

results expected at the start of the program. Additional tests were performed to explain
the observed differences.

_13
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Figure l q shows the measured quantum efficiency of large area cells with fine-line

evaporated contacts. The PELA cells show reduced blue response with nearly identical

red response. The response at long wavelengths implies large minority carrier lifetime in

both ceils. In particular, the three step furnace anneal used (550*C for one hour, ramp up

to 850°C, hold for 15 minutes, ramp down to 550°C and hold for one hour) did not degrade

the minority carrier lifetime relative to the low temperature PELA process. The poor

blue response of the PELA cell is attributed to excess light absorption in the emitter as

explained below.

The sheet resistance of PELA wafers was typically #0 ohms per square compared to

g0 to 100 ohms per square for furnace annealed wafers with the same ion-implant

(2.5x10 i5 ions/cm 2 at 10 keV, phosphorus). The PELA process is expected to activate

nearly I00% of the implanted dopant which implies that the furnace anneal activated only

about 50% of the dopant. (lI) This was confirmed by the direct measurements of the

dopant profiles.

Dopant profiles were determined by spreading resistance measurements shown in

Figure 15. The junction depths for the PELA process used here and for the furnace anneal

are nearly identical for the case of evaporated contacts sintered at low temperatures.

The total active concentration of phosphorus in the furnace annealed material is smatter

than that in the laser annealed material. The maximum concentration of phosphorus in

the PELA sample (2xl020/cm 3) is near the maximum solid solubility limit at room

temperature. PELA processing can activate dopant concentrations in excess of this

ltmit,(l l) but with excess light absorption. (12) These data explain the blue response in

Figure lq, the lower short circuit current density (3so) by sample D compared to

sample E in Table i0, and the better fill factor (FF) of sample D compared to sample E.

The PELA cell with evaporated contacts was exposed to no temperatures over

_00°C after annealing, so that the dopant profile shown in Figure 15 represents the profile

directly after annealing. Screen printed contacts were fired, at higher temperatures, up to

750dC, and this was sufficient to diffuse the phosphorus to some extent as shown in

Figure 15. The peaking of the phosphorus distribution at the cell surface for this case

might be due to some oxide growth and gettering, Comparing samples A and C in Table

10, the fill (actor for PELA cells with screen printed contacts was better than the fill

factor with furnace annealed contacts, but the short circuit current density for PELA was

lower, implying that excess light absorption may have been a problem.
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The PELA results presented may have been improved by using lower ion

implantation doses, This should improve the transmission of light through the emitter and

improve blue response and short circuit current density while reducing the lili factor only

slightly, This effect was never observed in previous PEBA (13) experiments where the

doping profile differed and was discovered too late to obtain new cell data in this program,

_-17
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SECTION 5

ECONOMIC ANALYSIS

The objective of this task was to estimate the cost of pulsed exclmer laser

annealing(the selectedprocess in Section 2.1)to fabricatecrystallinesiliconsolarcells.

The estimates presented herein are based on the IPEG analysisdeveloped by 3PL,(l_)

supplemented by a SAMICS analysis (15) for the excimer laser processing step (Appendix).

The largest cost factor in pulsed excimer laser annealing (PELA) Is

ion-implantation. Annealing is a much less costly process. Therefore, the cost

effectiveness of PELA must be judged in comparison to other thermal annealing processes

as well as to the diffusion process. Total fabrication procedures are presented in Table

l t. The three annealing procedures considered, and the diffused junction process are',

a) Pulsed excime:, laser annealing

b) Furnace annealing with surface passivating oxide growth

c) Furnace annealing without surface passivating oxide growth

d) Diffusion of sprayed on dopant

Process (a) was developed during the course of this study. Process (b) is the high

efficiency anneal process now used by Spire for other research programs (16) with

appropriate simplification for production. Process (c) is a short-time high temperature

anneal. The anneal cycle used for control samples in this program was similar to process

(b) but without oxygen admitted to the annealing furnace. The cost for any thermal

annealing cycle would lie between the estimates for (b) and (c), specifically chosen to

represent the minimum (maximum) equipment and direct labor requirements conceivable.

Process (d) is a comparable diffused junction process line with equal throughput.

Each of the four processes analyzed is based upon manufacturing equipment now

offered by Spire Corporation. Prices and data for the module line are based on many units

sold in a standard configuration. Equipment for the cell line is always customized for

particular applications so that projected costs and yields may vary.

5-1
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The KrF laser was chosen for the production line, The economics behind this

decision are summarized ,n Table 12, Basically, a SO watt KrF laser is smaller than a

XeCI exctmer laser with equal output because the conversion efficiency of the former is

greater (3% compared to 2%), The KrF laser needs more frequent gas changes but fewer

spare parts, It is judged to be the lower risk alternative as a standard Questek laser with

KrF demonstrated 50 watt output (Section 5,1), Complete Samics input for this process is

Included in Appendix B, (l 5)

TABLE 12, COMPARISON OF OPERATING COSTS FOR 50 WATT KrF
AND XeCI LASERS

t

ITEM KrF XeCl

Capital Cost

+ spare parts $37,760. $47,200.
(x 0,59)

Annual Replacement Parts
(3 shifts at 1850 hours each) 51,597. 73_2_2.

(x 1.17) at 80% duty cycle

Anneal Gas Cost (Fill every 2 hour_) (Fill every 8 hours)
(x 1,17) 61,196, _.I_L55,

Total $150,553. $161,597.
(estimated annual operating cost)

Notes: Direct operating labor Identical, slightly higher maintenance labor for
XeCI laser. Also, slightly higher utilities usage for XeCI laser. These
figures small compared to above totals.

The IPEG formula used to calculate the total cost is."

Total cost - 0.59 x capital equipment price
+ $136 x area (sq. ft.) to operate equipment
+ 2.02 x direct labor cost
+ 1.17 x materials cost

�1.17x utilities cost

The price for capital equipment was estimated to be the 1985 manufacturers' list

price. The direct labor cost was estimated to be either $5.00, $7.50_ or $10.00 per

hour depending upon the skill of the tf.chnician required, The materials costs are

based upon 1985 estimates from suppliers. The utilities costs were estimated as $93

_er kW hr per year, $0.00038 per gallon of cooling water, and $100.00 per 1000cfm

of exhaust air per shift.
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The production line was assumed to run three shifts per day't each shift is

1850 hours per year. The uptime for the ion-implanter was estimated at 80°6 and

was assumed to be the gating maintenance requirement. The average uptime of any

other piece of equipment was assumed not to affect total factory throughput. The

average uptime of the diffused process line was assumed to be 8}%. The total yield

for each of the four processes was assumed to be equal at 90%_ but this figure will

be discussed in more detail. The maximum processing rate for much of the

equipment manufactured by Spire Corporation is listed at 700 wafers (100 mm

diameter) per hour. This was assumed to be the processing rate for a[__iequipment.

The total number of wafers started (major materials cost at $3.2_ each assumed) is

_herefore 1850 hours/year x 3 shifts x 700 wafers/hour x 0.80 uptime = 39108_000 (or

3_#96_500 at .85 uptlme for process d). The total production is 90% of this figure

(times wafer area x 100 mw/cm 2 x efficiency) and varies with cfifferent process

efficiencies. Although the yield loss is distributed throughout the cell and module

lines the total materials use at all fabrication steps is based on processing the total

3,108,000 wafers. A detailed breakdown for the requirements of each process step

is given inTable 13.

A summary of the economic calculation ts presented in Table 1#. The cost

per wafer to fabricate a completed module is based upon the assumptions given

above and Table 11. The efficiencies given are extrapolated for screen printed

contacts on AR coated wafers. The numbers for processes (a) and (c) were derived

by multiplying the efficiency given in Table 6 for fine-line contacts by i.#0 fAR

coating)_ tk? 1 multiplying by 0.9_ for excess metal coverage with screen printed

contacts_ fir, 1Iv multiplying by the ratio of expected fill factor to flit factor with

evaporated contacts (0.7_/0.78)o The efflciencies calculated this way are

conservative. The efficiency for process (b) uses the actual numbers for cells

fabricated for high efficiency modules delivered to 3PL (contract number 9_66#1) of

1_._% and derates this figure by 0.95 x (0.7_/0.78) as described above. The

efficiency for processes (d) is the guaranteed minimum for this line.

L

1987067350-TSE01



TABLE 13. REQUIREMENTS FOR EACH PROCESS STEP
I

l) As-cut siliconwafers,cleaned from saw slurry($3.25wafer)

2) Damage Removal

$PI-ETCH 500= $32,000

Cassette loader: $25,000
2

Area: lO# ft.

Electricity: # kW average

Nitrogen= #00 aim

Exhaust: 1000 cfm

Deionized water= I gal/wafer (_0 liters/rain, 3_/wafer)

NaOH= pellets for 20% molar solution, 0o3_/wafer

Direct labor= I person at $5
- I

3(a) HCI clean (no texturing)

(additions to units in step 2)

SPI-CLEAN 2000= $29,500

Area: 80 Ft 2

Electricity= 3 kW

N2." _00 slm
Exhaust.. 1000 cfm

HCh lcC/wafer, or l°25d/wafer

Direct labor: 1 at $5/hro

Spare parts: Per yeart (3a,b_c,dt) $12,000

3(b,c, d) Texture Etch

(additions to units In step 2)

$PI-ETCH 500: $32,000

Area= 10q ft 2

Electricity= _ kW

N2= _00 sire
Exhaust= 1000 cfrn

NaOH= (10% of cost in item 1, 0.03d/wafer)

HCI; l cc/wafer

Direct labor= 1 @ $5/hr°
IIii | II
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TABLE 13. REQUIREMENTS FOR EACH PROCESS STEP (continued)
i I

_) IonImplantation

SPI=[oNTMI000:$600,000

Area: 168 ft 2

Electricity: 10 kW

Cooling water: l gpm

Liquid N2:I00 liters/8 hours

Phosphorus: $5/8 hours

Spare parts: $30,000/year

Direct labor: I at $10/hour

Exhaust: I00 cfm
i

4(d) Spray-on Dopant and Diffusion

Cassette-to-belt transfer: $23,250

Belt sprayer: $50,000

Belt-to-belt transfer: $22,000

Diffusion Furnaces (2): $60,000 each

Belt-to-stacker transfer: $15)000

Area: 400 sq. ft.

Dopant." $ .Ol/wafer

Electricity: 97 RW

Nitrogen: I50 slm

Air: 1250 slm

Exhaust; 2500 cfm

Cooling water= l O gpm

Labor: 2 @ $5/hour

Spare parts @ 3_O0/yr.

5-6
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TABLE 13. REQUIREMENTS FOR EACH PROCESS STEP (continued)

5(a) Laser Anneal

50 watt Questek Laser= $65,600

• Area= q0 ft.2 Scanner= $8,300

Spare parts = $20,000/shift/year

Electricity= 5 kW

Cooling water= 2 gpm

Kr= $16/fili

F2= $0.68/fili # fills/shift, 1.3_/wafer
He: $2.00/fili

Liquid N2:l0 liters/shift, $0.37/liters

Labor: 0.I tech @ $I0/hour

5(b) Furnace Anneal w/PassivatingOxide

Furnace, q tubes, autolocd: $120,000

Automatic boat-to-cassette transfer robot= $30,000

Area= 150 ft. 2 (1_ x 10)

Electricity= 20 kW (_ kW/tube)

Nitrogen= 5 sire/tube

Cooling Water= 2 gpm

Exhaust air= 500 cfm

Direct labor= I @ $5/hour

Spare parts= $1000/month/shlft

5(c) AnnealingBelt Furnace

Furnace= $_3_800

Area: lq3 It. 2 (13 x 11)

Electricity= 15 kW

Nitrogen; 200 sire

Exhaust= 1000 cfm

Cooling water = 2 gpm

Direct labor*. -0-

Spare parts; $5,400
I

5-7

1987067350-TSE04



TABLE 13. REQUI,'_EMENTS FOR EACH PROCESS STEP (continued)
i u

! 5(d) Coin-stack Etch and HF Etch

Plasma etcher: $25,000

Stacker to cassette transfer: $25,00'_

SPI-ETCH (HF):$30,000

Area: 250 sq. ft.

Electricity:5 kW

Nitrogen:.SO0slm

HF: $.00 l/wafer

OI water: l gal/wafer $.03/wafer
Exhaust: i000 cfm

Spare parts: $l i00/year

Direct Labor: I @$5/year
ii m i

6) Print and Dry Back Contact

[Sa) 'goes between IR dryer and belt unloader]

Semi-automatic screen printer: $70,000

Cassette loader from belts: $19,500

IR drying furnace= $17,200

Area: ll0 ft. 2

AI doped ink, O°¢g/wafer @ $0°55/g, 22_/wafer

Solvent, screens, etc°: $1,000/month/shift

Spare p&rts for furnace: $2,000/year

Electricity= (1 kW + 12 k\V)

Cooling water= none

Exhaust air= lO00 cfm

Compressed air= (clean, dry) 100 s/m

Direct labor= 2 @$5/hour
m I I I .... " i" m
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TABLE 13.REQUIREMENTS FOR EACH PROCESS STEP (continued)
I

7) Printand Dry FrontContact

Semi-automatic screen printer: $70,000

Dryer & Firing furnace: $_Q,000

Belt-to-cassette transfer* $19,500

Area: 2t0 sq. ft.

Ag ink, 0.2g @ $0.55/g, 1l_/wafer

Solvent, screens, etc.: $I,000/month/shift

Spare parts for furnaces: $7,500/yr

Electricity: 28 kW

Cooling water: 2gpm

Exhaust air: 1000 cfm

Direct tabor: 2 @$_/hour

g) AR Coating by CVD Belt Furnace

Belt furnace: $I_09000

Belt-to-belt transfer: $30,000

Area: 100sq. ft.

Materials: Nitrogen, Tt (OC3H2)_9 24 wafer
Utilities: Electricity 10kW

Cooling water 2gpm

Dry air 200 cfm

Direct labor: 1 @ $_/horr

$-9
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TABLE 13. REQUIREMENTS FOR EACH PROCESS STEP (concluded)
• m| ii i i

9) Solder dip, clean, test _nd sort, encapsulate

Equipment" $664,000 (expanded SPI-LINE 1000M)

Area: 620 It.2

Mtls: per walerl glass,EVA ribbon,solder,$0.504

Utilities: 43 kW

19 gpm

Direct labor: l I at $_/hour

I at $7.50/hour

_,-lO
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Table 14 shows that the more costly process (per wafer) of furnace annealing with

a surface passivating oxide is the most cost effective of the ion-implantation anti

annealing process sequences studied based upon dollars/watt pricing. This is due to the

high efficiency achieved.

The lowest cost per wafer in the diffused junction ceil process is due to the higher

fraction of uptime in this line (85% versus g0% for the ion implanter). The cost of

diffusing a junction in one wafer was greater than the cost of ion-implantation and

furnace annealing with an oxide layer grown (274 versus 23_) but the greater average

uptime lowers the cost of all other processing. The efficiency given for this process is a

pessimistic assumption.

TABLE l#. IPEG ANALYSIS SUMMARY (for3MW/yr line)
i

Process S/Wafer Efficiency $/W at tJ

(a) Laser Anneal 6.t_ 12.6 6._6

(b) Furnace Anneal 6.39 l#.l _.81
with oxide

(c)Furnace Anneal 6.3_ i2.7 6.#!
w/o oxide

(d) Spray-on 6.29 13.0 6.20
diffusion

i

* Efficle_ncy In percent at AMi Illumination, 100 mW/cm2, with screen printed contacts,
7g cm" area,

_11
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SECTION 6

CONCLUSIONS

The results o£ this program indicate that pulsed excimer laser annealing of

ion-implanted junctions in crystalline silicon wafers with screen printed contacts and AR

coating is not cost effective compared to furnace annealing with the growth of a surface

passivating oxide9 which results in more efficient solar cells at lower cost per watt. The

recent completion of a 9M\V/yr crystalline silicon solar cell factory using ion-implantation

and furnace annealing for doping_ with its product selling competitively to the output of

diffused cell factories_ attests to the viability of this approach.

6-1

1987067350-TSE09



REFERENCES

h R.F. Wood, et at in Pulsed Laser Processin_ of Semiconductors v.23 of
Semiconductors and Semimetals (Academic Press, New York, i988) Chapter 10.

2. E.T. Shtyrkov et al, Soy. Phys. Semicond. 9, 1309 (1976).

3. A.R. Kirkpatrick, U.S. Patent 3,950, 187.

q. M. Oron and G. Sorenson, Appl. Phys. Lett. _ 782 (1979).

5. R.T. Young et al Appl. Phys. Lett. _ 666 (19g3).

6. Questek, Billerica, Massachusetts.

7. G.A. Landis et al, Rec. of 15th IEEE Photovoltatc Specialists Conf. (I98l).

8. R.T. Young et al, Mat. Res. Soc. Symp. Proc. _ _10 (1983).

9. 3.5. Katzeff et at, Proc. 3rd E.C. Photovoltaic Solar Energy Conf., 708 (1980).

10. R.T. Young, Mat. Res. Soc. Syrup. Proc. 23, 217 (198_).

I h C.\V. White et al, Pulsed Laser Processing of Semiconductors, op. cit. Chapter 5.

12. P. Ostoja et al, 3. Appk Phys. _ 6208 (19gl).

13. A. Greenwald et al, 3. Apph Phys. _ 783 (1979).

1_. R.W. Aster and R.G. Chamberlain, 3et Propulsion Laboratory technical report
_101-33 (1977).

15. P. 3. Fimett, 3.P.L. Tech. Report _I01-60, Rev. A (1979).

16. M. Spitzer and C. Keavney, "Processing Technoiogy for High Efficiency Solar
Cells", Presented at the 3PL Research Forum on High Efficiency Solar Cells, l gg_.

R-I

1987067350-TSE10



Quotes (or Questek

R-t_
!

1987067350-TSE11



March 1985

50 Watt KrF Laser Annual Operatin 8 Budget Estimate
(i shift operation, 5 days/week, 52 weeks)

Initial Purchase Total cost

Laser (330 mJ/pulse O 150 Hz) 48,000
Cryogenic Gas Processor 6,500
Spare Parts

_; Thyratron 5,000
Capacitors 1,000
Optics 1,500
Misc. Elect. 2_000

64,000

Annual replacement Parts
Est. Units Unit

ICe__m Life(hrs) /Year Cost1

Thyratron 2,800 0.75 5,000 3,750
Capacitors 1,400 1.5 1,000 1,500
Electrodes 4,000 0.5 1,500 750
Preionizers 1,400 1.5 600 900

Optics 400 5 1,500 7,500
H.V. Power

Supply 4,000 0.5 1,500 750
Main Laser

Chamber 8,000 0.25 5,000 1,.250
16,400

Gas Cost @ 3 fills/day, Ne-based

Krypton _ 16/fill 12,480
F2 @ .68/fili 530

Ne @ 25/fili 19_500
32,510

Gas Cost @ 4 fills/day, He-based

Krypton @ 16/fill 16,640
F2 @ .68/fiii 700

He @ 2/fill 2,080
19,420

Liquid Nitrogen Cost _ I fill/day 988
(i0 liters/fill 0 0.38e/fleer)

QUESTEKINC., 7 DL ANGELO DRIVE,BEDFORD,MA 01730[617]275-34,50
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Page 2
KrF BudseC Est.

Total Cost

Power @ lit/kWH (3.6 kW supply) 824

MalnCenance @ 25/hr

Standard (0.5 hr/day) 3,250
Periodic (i hr/week) I_300

5,374

Service* @ 75/hr

3.25 hrs/mo 2,925

122,197"*
TOTAL

109,107"**

* Service Time Breakdown

Item Service Time (hrs) UniCs/Yr

Thyratron 4 0.75
Storage Caps. 4 1.5
Electrodes 8 0.5
Prelon£zers 8 1.5

Optics 2 5
H.V. Power Supply 4 0.5
Main Laser Chamber 8 0.25

** Total assuming Ne-based gas mix

*** Total assumln8 He-based gas mix
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Charact 'st]cso!E:¢imarLsars
i.i _.. i

/

E xclmerlasersare uniquelightsources place the gasbetweenelectrodesseveral
whichprovidehighpowerultraviolet times betweenpulses,the pulseenergy
pulsesat any oneof a numberof fixed r=Jmalnsconstantandthe averagepower .
wavelengths.The outputbeam of scales linearlywGhthe PRR Due to flow

commercialexclmer lasersis rectangular limitations,mostexc;merlasersoperate
withfairlylargedivergencewhenstandard at a maximumPRF of a few hundred
opticsare used.Lowdivergencebeamscan pulsespersecond.
be producedwith"unstableresonator"op-
tics,butwitha sacrificeinenergy;The exci- The maximumoutputofall excimerlasers
tationis normallyproducedby a highspeed degradeswith timeas the halogeniscon*
electricdischarge,althoughsome large ex- sumedand reactionproductsabsorband
diner lasersare excitedbyelectronbeams, scatterat the laserwavelength.A feedbackcontrolcircuitmustbe usedto operatethe
The fuelgas mixturecontainsa smallcon- laserat a constantlevelbelow the maxi-
csntrationof a halogen(chlorineorfluorine) mum availablepower.Usefulgas-filllife*
and tare gas (argon,kryptonorxenon]in times typicallyvaryfroma fewhundred
a bufferof heliumor neon.Uponexcitation thousandpulsesto more thanten million.
the halogenandraregas atomscombine Lifetimesvary with the operatingwave-
to forma rare gas halidemoleculewhich lengthselectedanddependona number
emitsat a discretewavelengthin the ultra- of factors,includingpulseenergy,gas pu-
violetinthe rangefrom193to 351 nm. rity,dischargecircuitdesign,construction

• Rare gas halideswhich exhibitthe most materials,contaminantremovalratesand
intenseoutputare ArF (193nm), KrF cleanlinessofthe cavityoptics.Lifetimes
(248 nm),XeCl (308 nm) and XeF (351 nm); at constantpoweralso dependonthe
single*pulseenergiesfromthese species amountof "reservepoweravailable"---the
are typicallybetween0.1 and 1.0Joule. differencebetween the operatingpower
The averagepowerproducedby an ex- and the maximumpoweravailablefrom _.

TableolContents clmerlaser islimitedby itspulserepe- the laser.
titionfrequency(PRF). Most commercial The uniquecombinationof highpeak power

SystemDesign 4 exclmerlasersproducea fewtensof ultravioletpulsesat highaveragepowers
Pu_ed powersystem . 6 wattsaveragepower, makes excimerlaserssuitablefora wide
Microprocessorcontroller 8 The scalingof average powerwith the PRF vadetyof applications,includingphoto-
Poweriok 12 dependson the capacityof the highvoltage chemistry,dye laserpumping,materials
Boost 13 powersupplyandthegas flow andcooling processing,medicine,remotesensingand
Beamcharacteristics ' ' 14 systems.In efficientflowdesignswhichre- Raman shifting.

Optionalacces.sories 16
Choosingthe model 18

Specifications ..... 19
Questekb,_.ckground 20

.

j ____. ,_;;:__':_.... .
__.. _.'._:_ __b_

OuestekSelves2000 . ," _ ,. ,, , __
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Q uestekoffersa broadproductllne of P'_.,"'____ .'=_-.'_II s_as 2ooo-procas=edexcimerlasersranginginpulseenergy :",_J__
• from40 mJ to 750 mJ end inrepetitionrate "::'__ _-'_=.'-ll _¢.-oc/¢_ow_

onQuestek'suniquehigh-efficiencydesign, f .,'__-_;_&_ .._=-_=_ poPFnorove¢o=to

sortocontrolthelaseroutputpower,gas _ ..:.;, ._,_._,.

tillingandsystemdiagnostics.The parlor- _! _ ..,. %_.
2000lasersareunmatchedbyanyother z_

2000 lasers,from broaddesigngoalsto

detailsofthe circuitand outputbeam char- Photovo_wcceuan- _ _rowdas•
acteristics.The spedticationsfor the five ne_edbyS_as 20OO co,_-ef_,_vere_ec_.
energyclassesare shownat the rear.While tesorandreedyfor/n- meritfor_/ffused/unc-
attemptingtobe comprehensive,we can- _7/'.,_#_._/_1 comora_on.o a=or _ _,_=on ao_orceu
notcovereveryaspectof the Sedes2000 i ..'_.

lasers.We invitequestionsonourtoll-free ceuarral(Pulsedex. fabrication.Photocour.

nurnberinthe U.S.:I*800-EXCIMER. Cus- cirr_aserarme_g teWofSpimcorp.
tamersoutsidethe LLS.andCanada should _,, (I:EL4)orion_pten_
contactthe localQuestekdistributor.

AVarietyofApplications

Photochemistry• excitationandfragmentationstudies
• thin-filmdeposition _-- _'_e_in tomein¢_s_on_ar_=o=-
• ablationof polymers u__mea made_ • slblew_mcon_
• laserenhancedindustrialprocess sa_ 2000e_ I_r messene _.

syntheses laser. The incision is Magnificat�on is 33 x .

Dye LaserPumping(1) _opmx/mate/y20_ Photocourta_o_Or.
MaterialsProcessing w/de=_ _undredaof Carman_Lpu_to.
• semiconductorannealing rr_rometer= o'asp. The Ma.c._cltusette Eye end
• photolithography noteUaatx_enceoft/a. Earlnflrmar_
• microcircuitrepair sueal_ ec//acem
• chemicalvapordeposition
• microetch;,_j
• precisiondrilling
• productmarking
Medicine

• reflectivesurgery(visioncon*action)
I_ plaqueremoval(laserengioplesty)
_' microsurgery

• muitiphotonexcitation,,ionization _ ..
• lasertriggeredswitches __

Remotesensing
Ramanshifting

f. Oueste_exeter/as. Cross.sect/on of myo. been used to ecl_teve

Orswdl pumf_any of tl_a c_um st_omng s_tea leteCtNe removal of

cornmerc_afy.ava_lat_la of excrrnarlaser t/ssua atharosclorOt/¢_la_ue.

__ dye lasers w_thoutcom. removal. Note the ab. Photo courtesy of Or.

_otomtsmgperformance: sence of tl_n_alchar. Jeffrey M. Isnar, Tufts

Consult Quaste_ f_t ring _ntl_as a(_lecent Unwarstty New England
#Italia. to the laser inc/ston& fx. Medical Canter.

ctmar lasers have also

I i ,, ,

1987067350-TSF03



I

DesignRaquirements
_l__ __'..,,!1 "l_Jll Ill eforedesigningtheSeries200OExcimer

lar laserswhattheywanted.Afterall,we
were notencumberedBypreviousdesigns

_.__L _ .... !'_: '_:._ _ _; 11_1 --instead we hada"clean sheetOfpaper."
. • • "---- • • . ,.Ji.._ _.= Thisis whatwe heard. ,

' -- ' _ "" • "_= previousexcimerlaserdesignsis the decline, ,. -  ]lt tl One of the most irritating_arac_eristtcs of
_ " _;.,.< ;_" -.====-,-,-__:_" "i :":i;" _-" inoutputpowerwithtime. inextremecases,

,.;,_ -. ._=,====,.,; li ;,. .- .-:-.: the specifiedpoweris maintainedfor onlye.ot =_m*--, i, | ....

, -, - - ' _' " _il ,-'_"' _: .,._ .. few minutes.Usersnowrequireconstant
powercontrolas a standardfeature.

• Reliability
Mostproblemswith pulsedgas lasersoccurin the highvoltagepulsedpower system;thus
this system,nustreceivethe greatestattention.The circuitmustBecarefullydesignedto
produceminimumcomponentloading,even ifoutputenergyis sacrificed.The pulsedpower

p_oStemmustBedesignedas an integralunit,notassembledfromseparatesubsystems,mponentsmustbe operatedwellBelowratedspecifications,includingenergystorage
capacitorsand the highvoltagepowersupply.

HighEfficiency
Higl_efficiencymeans that the lasermaximizesoutputrelativeto the energystoredon the
primarycapacitors.Thus a specifiedlevelof performanceis achievedwithminimumloading
onthesystem.The consequencesofthisapproachare significant,Because
D,Electricalstressoncomponentsis minimized _ Gas lifetimesare increased
w,EMI is reduced _ Electrodeerosionratesare reduced

Versatility
Tobe an efficienttoolof generalutility,an excimerlaserneeds tooperateundera vadety
ofconditionsand with differentgas mixtures.The laserdesignshouldpermitfieldupgrades
to extendtheperformancerangeof the originalinstrumentand offeranumberof operating
modes,includingprovisionsfortriggeringfroman internalorexternalsource,use of com-
mandcharge,and a wide selectionof energyranges.Low-divergenceopticsshouldbe
availableformorestringentapplications.

EaseofUse
Asnew exctmerlaserapplicationscontinueto develop,ease-of-useBecomesincreasingly
importantas a designcriterion.Earliergenerationsof excimerlaserswere state-_f-the-art
instrumentsforwhichperformance,notease-of-use,wasthe maindesignobjective.A new
excimerlasermustemphasizeease-of-usewithoutsacnficingperformance.

EaseofService
With thedevelopmentof industrialandmedicalapplicationsforexclmerlasers,ease ot
servicebecomesincreasinglyimportant.Lasersshouldbe equzppedwtthsufficienttest
pointsand statusihdtcatorsto permitrapidproblemisolation;diagnostica=dsshouldbe
includedto monitorperformanceparametersw=thoutintederingw_thoperat=on;suloassem-

t bliesshouldbe readilyaccessibleto permitrapidreplacement.
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OurSolution
_ hatdidwe doto satisfytheserequire-
II 1/monte? We designedthe laserasa

theseitemsinmind.Andwe built-inallof
the standardfeaturesfromthestart rather

thanaddingthemonlater. I::_ILE ~__ J_'_/_.Zt_ tL_'_._

Q I

We installeda microprocessorcontrollerand " '
introducedPoweflok*'--a patented
techniqueto maintainconstantpower.As __._.'_
partof the controllerwe builtinan energy __

andpowermeterwithdigitaldisplayofthelaseroutput, .__'_." _ _.'_'..._"i_.:.__

We broughttoboaryearsofexperienceinhighvoltagepowersupplies,capacitorsand
thyratronswitchestodesignthepulsedpowersystem,We appreciatedthelimitations
ofexistingcircuitsthatproducedundesirable"aftercurrent,"anddesigneda circuitwith

minimumaftercurrentandnoreversecurrent,(SeeTedhnicalNote#I,)The circuitisthesimple"capacitordischarge"designwhichavoidscomplicatedandexpensivemagnetto
pulsecompression.Next,we selecteda long-lifethyratronto handlethe load,and added
"magneti¢assist"to reducetubedissipation.Finally,we insuredthat all the components
were conservativelyratedand hadlongrecordsof reliabilityinothersimilarapplications,

The dischargecircuitconfigurationforSedes2000 lasersachievesan optimumbalance
betweenprimaryand secondarycapacitancewhichgeneratesminimalaftercurrentyet
maximizesefficiency,Secondarycapacitorsare locatedinsidethe dischargechamberto
reduceinductance,and the energyloadinginthe gas ischosento optimizepulseenergy,
The resultingefficienciasare the highestinthe industry:

ArF 2._'o XeCI 2.5%
KrF 3.5% XeF 2.0%

We usedpassivematerialsin the constructionofthe dischargechamberofthe Series
2000 IssArato permitrapidconversionbetweenchlorineand fluorine-basedmixtureswith-
outlengthyre-passivation.Our lasersare truemultigassystemsand neednotbe dedi-
cated onlyto chloridesor onlyto fluorides,

Each lasercanbe operatedwithreducedenergyattwice the normalrepetitionrate.
We employedmodularconstructionofthe powersupply,storagecapacitorand electrode
assemblyto facilitatefieldupgrades.Optionalunstableresonatoropticsprovidelow-
divergenceperformance.

We madeoneof the mostsignificantadvancesincommercialexcimerlaserdesigns
by incorporatinga microprocessorcontrollerasstandardin allSeries2000 lasers.While
designedto maintainconstantpower,thecontrollermakestheselasersincrediblyeasyto
operate.The userselectsthe energyand repetitionrate, thenthe controllertakesOverto

to Questek,gone are the days of watchingpressuregaugesor turningvalvesmanually.t'_/_ run atthe prescnbedconditionsor tostopand refillthe laser--all automatically.Thanks
r

We designeda diagnosticsystemtomonitorkeyoperatingparametersin the laser.If the
systemsensesa faultcondition,it turnsoff the laserand displaysan appropriateerror
message.Thisisthe firstlineof protec_onto minimizepotentialdamage---particularlyto
the highvo!tagesystem.Once a faulthas beendetected,diagnostictestpointscan be
usedtoquaci_lylocatethe cause.

' S
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TolatlyInlegraIedPulsodPower
, ,

+Vo

cl._rO__, L, A sthemostimport=.tpartofme MagneticSwitching
._. | _ laser,the pulsedpowersystemwas Qusstekusesa magneticswitchingdesignedas an integratedunit.Questek's techniquecalled"magneticassist"to pro- "

understandingof high-voltagetechnology longthyratronlifetimeby reducingtubePRE-IONIZER:_.._r , , the detailsof excimerlasercircuitdy-[_i..\ THYRATRON i _1" and dissipation.(SeeTechnicalNote #2.) The
--_--__) -S_Ni'rCH C= -r- i (_)_ <, L, namiceis evidentinthe design, saturableinductornext to the thyratronde-

-J CapacitorDischargeCircuit laysthe currentfor10-15ns, allowingthe
The Sedes2000 lasersusethe "capaci- tubevoltageto dropas the plasmaexpands
totdischarge"circuitshowninthe figure, beforehighcurrentsdevelop.

= Thisis the moststraightforwardcircuitfor TheSeries2000 lasersdo notuse mag-
a discharge-pumpedexcimerlaser,andis neticpulsecompressionbecausethistech-

Capacttordischarge the mostcommon.However,if the circuit niqueis necessaryonlyinhigherpower
parametersare notchosencarefully,severe lasers.Magneticpulsecompressiondoes

c/tcuttdesign.Whenthe aftercurrentresults--dramaticallydscreas- reducethe peak thyratroncurrent,butthis
ff_yratron_s_ggere(l, ingcomponentlifetime.(See Technical is nota factorinlowand medium power
energy storedmC, Note#1.) lasers.TechnicalNote #4 comparesthe

i=transferredtoC, Questekhas tailoredthe dischargecircuit capacitordischargecircuitof the Series
andsuDsequentlyalS. tOprovideminimumaftercurrentand no 2000 laserswith a commercialcircuitusing
_e_,_to theexc_ner reversecurrent.The componentschosen magneticpulsecompressionand shows
gasload.Lsrepresents haveyearsoffield-provenexperiencein that the thyratronloading(RMS current)is
asaturatxereactor ' pulsedgas lasers.This simpleand carefully the sameforlaserswithequalefficiancies.Thustheaddedcostand complexityof

designedcircuitisa majorsteptowardhigh pulsecompressionis notj'u_fied until thew_ dela_mecu_ent reliabilityin the pulsedpowersystem.pulse("magneticas- thyratroncurrentis at its rated limit,and this
s_st").ThegapDetween It isthe strengthof this circuitthat allows does notoccuruntilaveragepowerlevels ,.,I

Questakto backtheentirepulsedpower reachapproximately100watts.
L, and C3represents systemwith a two-yearwarranty--the ,
the_ro_on for strongestinthe industry.

pre,on,za_on. Thyratron
Becausethe Series2000 dischargecir-
cuitgeneratesminimalaftercurrent,a con-
ventional,grounded-cathodethyratroncan
switchthe storedene,r_. Thetubealways
operatesin the "glow mode, and itslifetime
isextendedsignificantlynotonlyby reduced
loading,butalsoby the useof magnetic
switching.The relativelylowoperating
voltageof 20-30 kV permitsthe use of

an inexpensivesingle-stagetuberather /_ravon cunemthanthe double-stagetubesrequiredat
highervoltages, wavetormforS_ee

2000 demonstrating
minimal aflercurrent.

i

STORAGE ELECTROI
HARGING CAPACITOR
DUCTOR

mm _

' C
I

, i i__. 1_oss-secf_onof
laser ct_emDerat¢l

THYRATRON
cllscherge cttcmL

6
I ii ili i i1:

II IIIIIIIIII
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HighVoltagePowerSupply
Questekdesigneda familyof highly*

• regulated switched-modepowersupplies
,_ac_flcailyforthe Series2000 lasers.

ese suppliesare compactinsizeand
differonlyin averagepowercapacity.Each
unitismountedinsidethe laseradjacent
to thestoragecapacitorload.As a result,
electromagneticinterference(EMI) isto-
tallycontainedandfailure-pronecoaxial
highvoltagecablesare eliminated.

Inoperation,the powersupplychargesthe vo_ge_ pro-
storagecapacitorsto a regulaIedvoltage duc_ bymeHVP,S.controlledbythe microprocessor.In the
internaltriggermode,the supplyonly Scale/8s kV/d/_
operates"oncommand"and chargesthe Commandcharge
capacitorjustbeforea laserpulseto mini- mo(_e_sON.
mizetimeat higl_voltage,Inthe external
triggermode, thiscommand chargemode
maybe ON orOFF,;whenit is OFF,the Compact,sw_hed.
capacitorsare fullychargedat all times be- mo_et_ vo_ee
tweenlaserpulsesand willremainso with- power_oly (HvPs)is
out"pre-flring"atany repetitionrate. This k_catedm_de_ laser
modeis usedwhen the laseremissionmust forrnin_nalEML

appearpromptly(1 microseconddelay)rel-ativeto the triggerpulseand with minimal
temporaljitter(see page15). BectmdeAssembly

Questekhasdesignedmodularelectrode
assembliesso the usercan easilye_tend
the performancerangeof any laserthrough
rapidand cost-effectivemodelupgrades.
Theelectrodeassembliesare the key to the
highdischargeefficienciesachievedby ,Se-
des2000 lasers.Eachassemblyconsistsof
the mainelectrodes,preionizerand second.
an/capacitorarraysmountedto a chemi*
cally inertdielectricslab.The assemblyis
easilyinsertedintothedischargechamber
andis readilyaccessiblefor service.

OisshatveChamber The sparkpreionizersfunctionas a quasi- Mo¢_ar_ u-
The dischargechamberismade of nickel- llnesourceof ultravioletlightadjacent to NmUvisea,_/scces.
platedaluminumforstrengthand halogen thedischargeforefficientand uniformpre- _usat_ _ge.
resistanceand enclosesthe electrode ionization.The secondarycapacitorsare able_ met/Wew_m
assembly,gas circulationfan and heat placedinsidethe chamberforhigheft- a_nate conftgurat_r_.
e_changer.Theendplatesof the chamber ciancyandare hermeticallysealedwith
supportthe cavityoptics,the filtered-gas chemicallyinertcoatingsto insurelong
returnsystemfromthe gas processor gaslifetimes.Metallicpartsare either
(which"washes"theoptics;see page solidnickelor nickel-platedformaximum
9), and the circulationfan driveshaft.All halogenresistance.
metallicsurfacesexposedto the halogen The electrodesare solidnickeland lastsig- _'_gas mixtureare either solidn_ckel(those nificantlylongerthandesignsutilizingnickel
incloseproximityto the maredischarge) platingor claddingoverotherbase metals.
or nickelplated. The overalldesignof the assemblypermits
The heatexchangerisa "tubeandfin" efficientheatremovalfromthe electrodesm
design.Allsealsare outszdethe discharge evenundel highaveragepowerconditions,

chamber,thuseliminatingthe possibility Erosionratesfor the mainelectrodesateof a waterleakinsidethechamber.The extraordinarilylow--so muchso that
base metalof the heatexchanger_Scop- Questekguaranteesthe electrodesfor /
perwhichhas supenorresistanceto the lifeof the product,
corrosionby water.
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_! Status inclicatot light=.
I

MicroprocessorController ControlPanel
Microprocessorcontroltsstandardin every Alllaserfunctionscan be controlledand
Series2000 laser.ThisQuestekinnovation monitoredfromthe controlpanellocated
putsthe Series2000 lasersina classby convanientiyon the frontof the laserchas-
themseives.--diatinctfrom other lasers sis.The clearlylabeled keypadenables the
whichmay add a m;croprocessoras an operatortochoosethe parameterto mon0tor
accessory.The integratedQuestekdesign or alter--whetherit be pulseenergy,aver-

" has beeninevery Series2000 lasersince age poweror pulserepetitionrate.
1983and is unsurpassedin its performance Singlekey.strokecommandsequences
and in itsmultitudeof functions, controlsystemevacuation,chamberpurge
> Powerlok--Malnt_ns constantoutput andautomaticgasfilling.In addition,the

energyby controllingthe gainof the laser versatilityof manualgas fill controlis pro-
medium,eitherbychangingthe high videdwith individualhalogen,raregas and
voltageorgas mixtureor both. buffergasswitches.The variouslaserop-

> Automatic gas control--Refills the laser aratingmodes--such as Powerlok,trigger
automaticallyand controlsBOOST. sourceandcommandcharge--are all indi-

• Repetition rate--Generates an internal viduallyselectedand theirstatusdisplayed
repetitionrate of exceptionalaccuracy, on the panel.Gas mixturerecipesanda

• Systemparameters--Stores ueer-defined varietyof operatingandperformancepa-
I_rameters in a non-volatilememory, rameterscan be examinedor alteredvia a
Preventsthe selectionof unsafeopar- CODE key.Errorcodediagnosticmessages
atingconditions, appearon the displayas appropriate.The

• Diagnosticssystem-Monitors system BOOSTfunctionprovidesfor the automatic
performanceandwarnsthe userof replacementOfgases duringlaseropera-
unusualconditions;disablesthe laser tion toprolongcontinuousoperatingtime
ifa dangerousconditiondevelops. (seep. 13).

If necessary,the microprocessorcan be PulseEnerff/PowerMenitor
bypassedand the laser runina "manual"
mode with an externalpulsegenerator, EverySeries2000 laserincorporatesapulseenergy/powermonitorwhichenables

i. OUTPUTCOUPLER the outputto be measuredwhilethe laser

_1 Is beingused.

A beamsplittercollectsa smallfractionof" '" BEAM SPLITTER
the outputbeam to be measured.A diffuser

, %, andcollectingconeinsurethat the pyro-

....."; °,.c,°o°°,°o,o..o0,.,.en,.°.o:' "' " :':""¢ontiwtauon. ,, " ' ' " :. to givea measurementof the outputenergy

OUTPUT accurateto ± 5% forall gases,A calibrated

|'.i:, i; i_ I_EAM analogsignalfor individualpulseenergiesis

SEAM n suppliedto the I/O panel for externalmoni-toring.Energiesfromsuccessivepulses

DIFFUSER I _C are averagedby the micro0rocessorand

displayedas eitherpulseenergyor average
LASER power. Th_spulseenergymonitor0sused
CHAMBER , as the "firstline" diagnosticandsafety

feature--if the energydropsbelowthe
OL_.ECTINGCONE expectedvalueforany reason,the laseris

turnedoffand an errormessaged_splayed.

, , _J ,,CHASSIS
8 WALL LIGHT0ETECTOP

IIII,.,
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ChassisConstruct/on Bectmn/csCompartment
Inordertocreatean effectivebarrierto A completelyself-containedelectrically-

. the electricalnoisecreatedbythe laser, shieldedcompartmentis providedwithinthe
the chassisismade ofheavy-gaugenickel- laserchassisto protectallsensitivecompo-
platedsteel.The superiorityof steel--as nentsfromthe EMIof the discharge.It con-
opposedto othermetals--in the suppres- rainsthe microprocessoranddisplaycircuit
sionof EMI madeit the logicalchoiceas boards,signalIJOpanel, low-voltagepower
the chassisconstructionmaterial.(See supply,pulseenergymonitor,and a non-
TechnicalNote#5.) rasettablemechanicalpulsecounterwhich
ExceptforMe topcovers,the chassisisa recordsthe numberof laser pulsesinunits
singleunitwithseamweldsat eachedgeto of 1000.There is alsoa "driver"circuit
insurecontinuity.The nickelplatingprovides boardwhichgovernsthe gas systemso.
a durablesurfacaof highconductivityandis lenoids,circuitsforthe highvoltagepower -" :_" :. :' ": :: .... _- .: "' t

ideal forthe large-areeEMI gasketingbe- supply,andlowvoltagetriggercircuits.This

tweenthe coversand the maznchassis, boardhasan extensivearrayof statusindi- _
cator lightsas wellasthe mode selection , _.

Apartfromthe outputbeamport, each switchesforPowerlok,triggersourceand
chassisopeningis electricallyand magnet- commandcharge.
icallyshielded.As a result,_e magnitude
of theradiatednoiseisa factorof fiveto The I/O panelis equippedwithMS connec-
ten belowotherlasers.*It isthis ec<cellent torsforremoteinterlocksand laserremote
shieldingthat allows'themicroprocessor ON,OFF control.(Matingconnectorsare
controllerto functionreliablyin the elec- suppliedwith the laser.)BNC connectors
tronicscompartmentratherthan ina are availableforexternaltriggerinputand Be_tonc=compart.
remoteconsole, pulseenergy,highvoltage,and chamber mere=how_gdriver

j pressuresignaloutputs.The graphon circuit_a_.*Consult Questekfor details, page 12used standardsignalsavailable
on this panel. =n¢/rmcrcmoceuor

CONTAMINATEDGAS OUT circuit Doarcl. Coverl

lasers in both gaseousand solidforms(par-
ttculatesor "dust").They degradelaserper*
tormanceby increasingcavitylosses,either
via absorptionorscatteringin the cavity.

:=.z___l--_ _ Gaseouscontaminantsrequirechemicalor
cryogenicremoval,butparticulatescan be

_s removedmechanicallybysimplefiltration.

_ A gasprocessorwhich removesparticleeFROMPROCESSOR TOPROCESSOR down to 0.05 microns is a standard feature
ineachSeries2000 laser.The processor

[I STANOAROC_FIGU RATION ]l

, /I injectsclean gas overthe opticsto pre-

_Lt surfaces.Thistechniqueis essentialto
prolongthe intervalbetweenopticsclean-

i i _ ing,but it doesnot increasegas lifetimesL .... J

for KrF and ArF for which gaseous contam-
inantsarethe dominantcauseot losses.

Queste*gasI_roceuor Optionalcryogenicprocessingis described
con._ura,on,s_ow_j onpage 17.

_r,cu/at, r_ltetand The low-costdisposablefilterinthe procas-
c,rcuta,on_oop. sor unitrequzresperiodic--butinfrequent--

replacement.Becausethe processoriSlo-
catedexternalto the dischargechamber,
the filtercan be changedw_thoutopening
thechamber,andreplacementrequires

._,,. less than one-halfhour.
,)
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Pulseenergyand
.*5%STAOILITY POWERLOKLIMIT Powerlo_controlvolt.

agon$• functionof
timelotastngloKrF
gaehll.ToDcurve

l HIGHVOLTAG=- .. _ - shows_nd#vldualtun.
INDIVIDUALPUtSEENERGIES LIMIT _ftUNAVERAGED) averaged)purseoner..

/
gtes,Notethecle.
crease_toutputafter

MePowetlokhmttiSreached.Bottom
curvest_ows_ndawdual
controlvoltagesteps
onanexpanded,offset

HIGHVOLTAGECONTROLSIGNAL scalelotclan_MaxP
(ZEROOFFSET) mumvoltagecortes.

ponOatoPowetlo_(
lirniL

= . =

TIME_

¢
Power/ok,,"nderfixed operatingconditions,the Optimum Powedokperform,rice is obtainedpulseenergy of all excimer lasers gradu- between these limitsat 60-75% of the max-

ally declinesas the halogen is depletedand imum output.The laserefficiencypeaks in
the gas mixture becomesincreasinglycon- this range and there is sufficientreserve
taminated.Questek was the firstexcimer 9sin to insurelong-termpedormancebe-
lasermanufacturerto addressthisperfor- torereachingthe highvoltagelimit.The to-
manceconstraintby developingPowerlok tal operatingtimeunderPowerlokwithout
--a standardfeaturein all $edes 2000 la- gas replenishmentdependson manyfax:-
sers--whichprovidesconstantpulseenergy totsincludingthe amountof reservegmn,
and averagepower.Powerlokfunctionsby pulseenergy,gas purity,repetitionrate, and
firstsamplingthe outputbeam usinga high- the generalconditionof the system.Firm
speeddetectorand comparinga running numbersforany wavelengthcan be de*
averageof the outputwiththe desiredpulse finedonly in specificoperatingconditions.
energylevelselectedat the controlpanel. As an example,considerXeCI,a gas which
Microprocessorcircuitryusesany resultant doesnotrequirecryogenicprocessingand
errorsignalto controlthe gainof the laser forwhichgas replacementduringoperation
by changingthe highvoltageor the gas isexpensive.Fora Model2240 operating
mixtureto maintainconstantenergy, at 150mJ (75% of specifiedoutput)and
Powerlokwithoutgasreplenishment loo Hz, the timeat constantpowerexceeds
Inthismodeonlythe highvoltageis used 40 hours.
to controlthe gainof the laser.As thegain
decreases,the highvoltagegraduallyin.
creasesto maintainconstantenergyas the
graphbelowindicates.When the reserve
gainis depleted(maximumhighvoltage is
reached)t;,eoutputenergydeclines.Thus
the Powerlokenergymaximumis limitedto
that energyachievedat maximumvoltage.
The Powerlokenergyminimumis limited
to approximately50% of the maximumand
correspondsto a regionof instabilitynear L'_
lasst threshhold.In orderto reducethe ',w

energyfurther,the gasmixturemust
be modified.

12
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BOOST BOOST 18activatedat a threshholdvolt-
Controllingthe highvoltageisonlyoneway age,definedby the u=er,Usually,it is halo-
to maintainconstantpower inan excimer gen depletionrather thancontaminant=
laser--replenishingthe gas mixtureis an- whichcausethe initialincreaseinvoltage.
other.Questekinventedthe conceptof gas In PhaseI, BOOST injectsonlya small
replenishmentforexcimerlasersandwas amountof halogenandmeasuresthe re-
thefirstmanufacturertoimplementit corn, eultingdecreaseinvoltage.If a smallor
merclailywiththefeaturedesignatedas nochangeoccurs,BOOSTahi_ to Phase
"BOOST."This featuremaintainsconstant II;otherw=oeit periodicallyinjectsa small
powerby economicallyreplacingfractions amountof halogenuntila targetvoltageis
of partiallycontaminatedfuelgaswithfresh reached,atwhichpointBOOST stopsuntil
constituentsduringlaseroperation.The ef- the threshholdvoltageis reachedagain. In
factof BOOST is to extendcontinuouslaser PhaseII, BOOSTreplacesa user-defined
operatingtimes,and itIs particularlyben- fractionof the originalgasovera periodof
eficiaiwithinexpensivemixtureswhich time. As the"old"gas is removed,thevolt-
are otherwiseshort-lived,suchas ArE age increasesto compensateforthe re-
The BOOSTfunctionis performedslowly ducedgain.Then as frer=hgas is injected,
enoughthattheoutputenergydoesnot the voltagedecreasesto a valuebelowthe
changeduringoperation, thresholdvoltage.Ifthe targetvoltagehasbeen reached,BOOST returnsto its moni*
BOOSTwithouthighvoltagecontrol totingmode;if not,anotherpartialreplace-
Thereare severaloperatingmodesfor meritcyclebegins.
BOOST,mostof whichcombinegas and In principle,s laserwithBOOST activecart
highvoltagecontrol.Thereare times,how- operateindefinitelyunderconstantpower.
ever,whenthe higt_voltagemustbe kept Inpractice,runningtimeis limitedby many

constant.Forexampie,insomecriticaltim- factors,includingaccumulatederrorsIn the• ingexperimentsthe litterfroman external gas mixture.Replacingpartof the "old"gas
triggermustbe minimized.A changeinhigh is notas effectiveinreduCingthe highvolt-
voltagewillchange the delayfromtrigger age as replacingallof the gas. Thus,the L_erout.t, totoIpm=, g_= u thecomml
to laserpulse.Inthiscase,a constantvolt- raregas consumptionunderBOOST is =a. and_we_okcon. _._, _:_me=_e
agecanbe selectedinadvance;the laser greaterthan ifthe laserwere stoppedand uol_p u a run=_ u_'e_¢/)o_L
isfilledwitha mixturelean in raregas or refilledtotallywithfreshgas. ForArF the
halogen,andas the gas isconsumed,more rare gas is inexpensive,8o BOOST can ottimefora_nglegas Subsequent8teDwt=e
iSaddedbythe microprocessorto keep the economicallyprolongcontir_uousopel'- rm._thBOOSTopetat- o_-em _ pmasum
OUtputconstant.As inhighvoltagecontrol stingtime. _r_.Note tile small/)ms, corresponds to opera.
withoutBOOST,this mode is ultimately _ _¢tem ._n UonotPt_a_uor
limitedbythe reservegain. P_a=._# BOOST_. eOOSr.

BOOSTwithhighvoltagecontrol ,,,
The best resultsare usuallyobtainedby
combininggas controlwithhighvoltage
control.Considera systemwithoptimum PHASEI PHASEII
gasmixture,.peretingat 75% of maximum
energy.Fromthe graphonthe opposite
page,itis ciea_thatmostof the increase PULSEENERGY _
in high voltageoccurs near the endof the - _....... m, ...... _ __: " . ........ _
operatingpenod.(Highervoltagescreate

morecontaminantswhichreducethegain.) l r --,_ ]This"endeffect"can be avoidedby adding / Vftastl gasor replacingsomeof theoriginal

gasduringoperetton, ._

BOOST MAXIMUM VOLTAGE

t-

800aT THRESHOLD VOLT_ .... =,_.-....-. _ :

HIGH VOLTAGECONTROL SIGNAL
(ZERO OFFSET)

TIME .,-,.-.,-,*=. 13

III i
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BsamC/ a]'aCtP,,rJ;.-".."
t..l . _], .................. ,ran,m, ....... ] . ii | ................. n, ............. 1 ,_

_,20_MODELS 2600MODELS

_'q;--_- i'--------, .--_ 1. :i,,._l_ _J;-ml_-,_L,,j_| rli= ;, , Tampom,profilesfor 8aries 2000 lasers........ , , are relatlvolysmoothwith littleintensity_-][]_|_.{ ;_..I]L'_'][._I{ _i{,',a_ modulation.Die fullwidthathalfmaximum

]i_|_ i'L_]_l:.'.._"J_,_'_'" _, ," , __ : lOnsapproximately25 ns. The pulsewidthalsodependsonthe operatingwavelength,

,, '-_ -- r,- *_'L.,_ ' _.:. '" _. " "C_ _ . asthe accompanyingoscillogremsshowfor
Iogramsforthe 2600 Modelsshowslightly
longerpulses,and the pulsedurationfor

i eachgasin eachmodelcan be determined

_ ,_, _. __,_. _ __ fromthese photos.
• _ . Die temporalprofilescan be modified
_*-_;:,..___ slightlyforparticularapplications,Decreas-

i][_[_{_,_,_'_,_',_._._, I _ i_'_ _,_ ._"__..,__._ _ Ingthe amountof halogenin the mixture

'_ '' }" ' _ t _K'_I aSa bufferlengthensthepulses.Each
__"_'/_I_P"J_[._L'_IL_'_ _"_'.'_',_J:'_L_[_I_ reducesthe pulseduration;addingneon

K_F KrF

BeamprofilesBeamprofilesforSeries2000 lasers
equippedwithstandard,stableresonator
opticsexhibitsmoothintensitydistnbutions
with+_.10%van_t_onoverthe central80% of
the beam.Beam patternsare rectangularin
form,with a morefiat-toppedintensitydis-
tributionacrossthe horizonta_dimension
anda near-gaussiandistributionacrossthe
verticaldimension.Die highdegree of uni-
formityisdue tocarefullyoptimizedelec-
trodeprofilesandan efficientUV spark

xec_ preionizationgeometry.
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T_tr_s_luancafora A ,_#aamcm_#onofmumble

laseratturn.on.Tracei laserpulsesforKrF.

. wu o_tamedmunga NotetireexCellentOutae
'.=- I_Oto_to@edetector. UnphtUdeMaD/Myas

an@the"sDike"cortes, wellaslowptter,
ponOatothelaserDutsa.

rJNNI NI

Jlt_r Short.termjitter
Timingjitterisdefinedaschangesinthe Short-termjitter alsodependson the high
timeintervalbetweenan externaltrigger voltageregulationbecauseboththe thyra-
andthe laserpulse.Long-termtimingtitter tronswitchingandgasdischargeinthe
(minutesorhours)is usuallycalled"drift" cavityam voltage-dependentand change
and is quitedifferentfromshort-termjitter at the rate ofseveralns,kV.In addition,the
(a few pulses).However,bothare usually choiceof thyratronis important;a conven-
causedbythe sameeffect--a change in tionalgrounded-cathodethyratroninthe
voRagetranslatedto a changeintimeby "glow"modehaslessinherentjitterthana
thefinitefrequencyresponseofthe system, groundedgridthyratronandis less sensitive
The.oscfllograrnshowsthe timingsequence to tubeloading.The os_llograrnon the

fora laserat turn-on.The laserpulseis upperrightis a timeexposureof 1000delayedfroman externaltriggerby approxi- pulsesat 100Hzand showstimingjitter
mately1100ns.Noisefromthe thyratron less than _.-2ns.
firingbeginsat 1000nsand the laser pulse
followsapproximately150ns later

l onptermjitter
Long-termjitter,ordriftin the delay time
iscausedby thermal effectsinthe thyra-
iron.As the thyratrontemperaturereaches

equilibdumaftertum-on,the switchingtime . ,,oo- g24_3°"..............,_ t i t t i _ t

decreases(asshowninthe graphbelow)
thenremmnsconstantto approximately e_- T ,,.
_*2nsfor longperiodsoftime. Anycl_ange 926. ,l-
inthyratronloading,causedby variations

inhighvoltage,reservoirvoltageor rape- =
ttttonrate,willcausethistimeto change, r_2-

looo- g20 .....

" ! f m"l I '

OPERATINGTIME(rain.)

4k
J Delay fmnefromexternal scale_nmetnseffor

tnggertolaserpulseas clan_Verticalbano_
4funcBonofojoeratmg data#ointlrepresent
t/me.Dataatextended uncertaintyofthemea.
opera_ ttmeaate aumment_.
sttownonanax_lndad
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OptionalAccsssoriss
I imm I I I I

q

a

ll=,

¢--

!-I r
REAR DISCHARGE DISCHARGE OUTPUT OUTPUT

REFLECTORELECTRODE REGION COUPLER BEAM

sc_neaa,,_voee., _ UnstableResonatorOptics other_aserswithunstableresonatoroptics,andthedivergenceiscomparabletomore

profne=rotme.at, un. _ Low-divergenceoperationofexc=merlasers complexinjection-lockedsystems,
=taateresonatoro_cs. is importantforapplicationswhichrequire
Notett_esmootJ__nten.

s,ty_,steb:",on*.ariathe _ eitherhigh-collimationfor 10earntransport, B_ause highreflectivity'dot'coatingsareenhancedfocussingforhighresolution, notusedon theoutputcoupler,the beam
,_senceof '_olea." or increasedbrightnessfor non-linearpro- lntens=tydistnbutionis smooth,flat-topped

csssas. Standard,stableresonatorcon- andwithout"holes"--as shownby the

• figurationsfor all excimerlasersproduce scanned-arrayprofile.The model 2030
outputbeamswithdivergence3of several wasdesignedfor intracawtyuse without
milliradians.Quastekdesignedthe Model interventng"offset'windows,resultingin
2030 Unstable ResonatorOpticstoprovide greaterextractionefficiency.This simplede-

efficientandeconomiclow-divergence signmeansthatthe Model2030 is a directoperation, replacementfor standard,stableresonator
opticssomstaltabonand alignmentare fast

_'_ Positive-bran¢l_,unstableresonatorcon- and straightforward.The unsta01eresonator
figurationshavealwaysoffereda means opticsnormallycomewithbroadbandcoat-
to reducedivergence,buttypicallyat great ingsforoperationat differentwavelengths;
expenseofoutputenergyinthe far-field In single-wavelength,dielectric-coatedoptics
addition,unstableresonatoroptical"esigns are alsoavailableonrequest.
oftenresultina "hole" inthe intensitydistri-
butionwhichdiffractsaway onlyvery slowly HPNeBeamAligner
so thatuniformintensitydistnbutionsare Inmanyapplicationsit is importanttoknow
difficultto realizeinpractice, the prec_edirectionof the excimerlaser

1.o" _ UNSTABLEOPTICS .... The opticalconfigurationofthe Model beamwithoutactuallyrunningthe laser,The2030cavityresultsinhighoperatingeffidien- optionalModel2070 He-Ne BeamAli,o:_er

• sonatorenergyin the near-fieldfor KrFand ity_the He-Ne beamtravelsthroughthe
XeCland 65% innear-fieldforArE Fully3/,= dielectriccoatingonthe rear mirror,clown
ofthe near-fieldenergyiSavailablein far- the cavityaxzs.andoutthe frontmirroron
fieldwithbeamdivergencesreducedto the laseraxis,Althoughintendedpnmarily

s" 200-400 mcroredians.Such opticalef- to be a beam pointer,the He-Ne lasercan
I fiCiancia$are a factorof two higherthan alsobe usedto alignthe cawtyopttcs.

_ OPTICS0, j i i
0 1.0 20 3.0 TURNINGOPTIC LASERALIGNER

DIVERGENCE(mtad) t I_EAM

Norrnalaze¢10eam
_nten,,utaeaaSa tunctaon II " I

of(lavetgenceangle _ REAR DISCHARGEDISCHARGEOUTPUT OUTPt,_

forcorNent_Onaler_ REFLECTORELECTRODE REGION COUPLER BEN_t
unat=_e_.onhgura_on=.

HE-NE
LASER
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.... _.... .. _ . __ _ -___ _ -_ --._.. _ _ _:_ _ _ .....

' 1987067350-TSG02



P

Cryo_nic _ p_t_N_i_ _"j_, Hll NII N_ _j _ KI C_ 4 Xo _SIFJ HC| _FQ CIt H_ _C]_ _ Vc_of _l_ssul'o of

Bothparticulateand gaseouscontaminants /// / v_ousexeter _m=• shortengas llfet_mes,Whileparticulates (_owninuao*)ant
can be removedbya mechanicalfilter, _¢al contaminant,u
gaseouscontaminantsmustbe removedby -i
cryogenictrappingorchemicalprocessing, a turin ortempera-
Giventhe simplicityofcryoger_icprocess- Ioo , tote S_aceo_o.
ing,thistechniqueprovidesth_ mostcost- u_ow=theop_a_
effectivemeansfor removingga_',ous 4o nm_eoftheGP2000."
c_.ntaminants,and it istheone used in
mostexcimerlasers.

Theimpactof gaseouscontaminants _o,II
on laseroutputincreasesat shorter =_ II
wavelengths;forXeCIthe particulates iare moreimportant,forKrF bothparticulate
andgaseouscontaminoJ_tsare imloortant.
while forArF the gaseouscontaminantsare
thedominantcauseof shortlifetime.How- o _"-'--" "GP2000i=a_actema_
ever.inallcasesthe partJculatesmustbe loo TEMPERATUREK(_200 273
removedand theoptics"washed"with ofOxfor_LasersLtd.
cleangas to keepthem clean.

The adjacentfigu:eshowsthe vapor pres-
sureof variousexclmergasesand typical
contaminantsas a functionof temperature.

_ Eachexcimermixturerequiresa differ. _i

. ant temperatureto maximizecontaminant CONTAMINATED
trapp;ngwithout"freezingout"the examer OPTIC- LASERHEAD GASOUT
gases.AtFoperatesat the lowesttempera- CLEAN
ture, nearthatof liquidnitrogen(77 degrees GAS - CLEAN
Kelvin)whilethe othergas mixturesrequire RETURN - GAS
temperaturesupto about135degrees RETURN
Kelvin. " II r, -
Ouestakoffersas an optioninthe U.S.and _t/Canadathe GP2000temperature-,',ontrolled FROM PROCESSOR A TO PROCESSOR

cryogenic gas processormanufacturedby
ux_ordLasersLtd.Thissystemis designed [I II
speoficailyforexcimerlasers and covers OPTIONAL II i
therequiredtemperaturerangeusingliquid CONFIGURATION II I

O_NALnitrogenas the coolant.A pump-outport is
providedto removetrappedcontaminants | PROCESSOR
when the systemwarmsup. /

AllSeries2000 lasersare supor,lied with CFogenm9==pro-
standardbulkheadfittingsc;i the rear oe=,t_conhguranon,
utilitiespanelto simplifyconnectionto an _ov_r_I_rtlculatefilter,
externalgas processor.When a cryogenic
processorisused, the standardOuestek 0/=20oogu punt,_
processoris removed,and the cryogenic an¢circulationloop.
systemisattachedas showninthefigure.

Ingeneral,cryogenicgas processingwill
extendthe usefulgas lifetimeof ArF and
KrFbya factorof 5 to 10,dependingon

oparatingconditions.GiventheshortUfe. 1 X ktimeof ,_'Fwithoutcryogenicprocessing *t IOF
andthe highcostof KrF.theadded hfet_me

achievedthroughcryogenicprocessingis 0: "t kA,

) a rhajorbenr,,t forthesegases. _ t_t ,_ F tJser output power as •

i function of t_ne tot AtF

m === ==WITHOUT CYROGENIC an_l KrF u=m_ctyoger_c

PROCESSING gu ptoce_g. Resul_
tYl_cal but depend

cletadon particular

TIME _ ¢_oerat_ngcondition=. ;J7
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he Series2000 familyof excimerlasersspansa widerangeof performanceparameters
withmodelswhichoffermaximumsingle-pulseenergiesof ¾ J or lowerpulseenergy

operationwithrepetitionratesto 400 Hz. The entirefamilyisdividedintofourgroupsof
modelsdesignatedas Models22xx, 24xx, 26xx,and28xx, accordingto the magnitude
ofthe storedenergyand the configurationof theelectrodeassembly.These groupsare
furtherdividedintosub-categoriesaccordingto averagepowercapacityanddesignated
bymodelnumbersxx20,xx40 orxx60. Forexample,the Model2260 isthe highest
repetitionrateversionof the lowestpulseenergymodels.In addition,eachmocielcan
operatewith reducedpulseenergy at twice the normalrepetitionrate.

Each model isinterchangeablewith any other;that is,any modelcan be convertedinthe
ldtoany omer.io changeenergybutnotaveragepower,the primarycapacitorsand

electrodeassemblyare replaced.Toincreaseaveragepowerbutnotpulseenergy,the
powersupplyand thyratronare changed.Toincreasethe maximumrepetitionrate at a
_acrificeinenergy,the primarycapacitorsare changed.Inchoosinga modelfora particular
applicationitis importantto keep in mindthatoperationat reducedpulseenergiesis
requiredforlong-termperformanceunderPowerlok.Calculatethe pulseenergyrequired
and equatethis to 60-75% ofthe specifiedoutput.

Highenergylasershave significantlyshortergas lifetimesthanlowerenergy lasers
becausemoreenergyis deliveredtothe gas duringeach pulse.The relationshipis not

• linear--a laserwith twicethe energymay haveone-fourththe gas lifetime(measuredin
pulses)of a smaller laser.

Immediatelyuponreceiptof an order,Questek'scustomersupportgroupwill senda
site-preparationlettercontainingall of the informationrequiredto setup and installthe
laser.Followingdelivery,a Questekengineerwilltestthe laseronsitewithone gas mixture
and trainoneor moreusersinoperationand maintenanceofthe laser.These servicesare
standardandincludedin the pdceof the laser.

Commitment,zatl'l 1,4Nuestekrealizesthat customersupportin the fieldis an essentialingredienttobuilding
a soundbusiness.Ourcommitmentto service isdemonstratedby the fact that our

CustomerSupportinteractionwitha useris justbeginning,notending,when we dalivera taser.Followinginstallationwe maintaincontactwithquarterlynewslettersdescribingnew featuresand
operatingmodesand relayinginformationreceivedfromourusers.When travellinginthe
area, ourstaffwill visita user tosee how the laser isperforming.We value the rapportwe
establish,and the knowledgewe receive fromourusershelpsus to improveour products
andourbusinesS,

Questekalsooperatesa well-equippedapplicationslaboratoryfor use by visitorsona fee
basis.Rrst-timeuserspay a reducedfee and a portionof all paymentsate appliedtoward
the purchaseof a laser.

C
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Set]as2000Excim,erLaserSpacii]cat]ons

weight:
/d grF XoCl XeF Units Luw.sou_. (2ssKg)

Wavelength 193 248 308 351 nm Pump:42 Ibl. (19Kg)Shipping:720,_. (327K0)
' 2200Models

Pulse energy 200 300 200 150 mJ PowerRequired220v,50,60Hz_s=nglephase
Averagepower Modelsxx20:20AI

Model 2220 (50Hz) 8 12 8' 6 W Modelsx,x40:aSAModelsxxT0:30),

Model 2240 (100Hz) 15 24 16 12 W

Model2260 (200Hz) 24 45 30 22 W _llllg Wafer:
J = i _ Modelsxx20:0.5GPM
2400Models Motelsxx40:1.0GPM

m ' MOdelsxx60:1.5GPM
Pulseenergy 275 400 275 200 mJ

Averagepower

Model2420 (40Hz) 8 12 8 6 W
. =

Model 2440 (80Hz) 15 24 16 12 W

Model2460 (150Hz) 24 45 30 22 W
II I I

2500Models

Pulseenergy = 350 600 350 300 mJ'

Averagepower

Mode2620(25H,) 7 t2 7 6 w . o
"'J Model 2640 (50Hz) 13 24 14 10 Wr

Model 2660 f lOOHz) 21 40 25 20 W
• , i

2800Models
I

Pulseenergy 400 750 400 350 mJ

__ INVISIBLELASERRADIATION--

Averagepower i _010 EYEORSKINEXPOSURE
Model2820 (20Hz) 6 12 8 5 W TODIRECT0RScATrEREO

• " ' ' III El II

Model 2840 (40Hz) 11 24 12 10 W RAO_AT_UN

Model2860 (80Hzl 20 40 22 20 W Maximumaveragepower.IOOW
• Maxtmumpulsee_rgy:3,1

Pulse-to-pulsestabdity' "-6 -'-5 : 3 =:6 % Pulseduratton:10-,1000hi
........ Wavelength:157--351nm

Pulseduration(nomznalFWHM)a 10-25 ns 10.6tJmt

Beam dimenstons(V x H) 8-13 x 20 mm CLASSiVLASERPROOUCT

Beamdivergence(V x H) 2 x 3 mr

13mmgjitterfromexternal trigger' = 2 ns
=

' 90%of puim.
aDe_endsonQasmixtureandpulseenergy
Note:Allmodelscanoperatewithre(]uceOenergyattwicethenormalrepet,t,onrate.Consulttl'tefactory
for_et_ls
Allspecificationssubject1ochangew,l_outnotice,
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v. ,¢_- '_"o' ";'_t'_' _',_,' " _ *' ':"_r:... o"' " o
_'_'' '_'__ ;__'-,_;; ' U uesteKwas formedin October,1982,tomanufactureexc0merlaserswhich
,'._'_,_,._,._..,'_1¢. ,mrp ,,_1"=;_..:_;_Z._;_P_'. ;._.._:_i_._P- fulfillednotonly the high performancere- ,

_'_k,l'_",'.,_.._r__,_i_ _ ,,_._: }I,,._._V,lt_.,7.,_-_,_._E_" ., quirsmantsof the existingscientificR & O_.._ butalso the
•., , _, t-" , ,..... rellabdityand easeof operationrequired

___ _ __°_ by industrialand medicalapplications.The
,;': :,¢-.;,,_=, . _" _'_,'-_-:.,._.r:,_=__'_ =. ".''_"..'_.,:,._," _!_" three foundersof the Companybrought
'., ,#_ , _: *- . ' "' , _.. with them more than 30 yearsof ¢olle¢-" ":" , _-...._,= - ._- _ ttveexperienceincommercialpulsedlaser

i¢! "'_; .... :_=-"_'_-_---__ '_ .... ;' technology.They shareda commitment- forexcellenceand hadan establishedrep-
utationinthe industryfor providingstrong

QuestekFirsts customersupport.
• Microprocessorlasercontrol In Spring.1983Quastekintroducedits
• Poweriokconstantpowercontrol firstprocluctline. the Series2000 ExcimarLasers.The Senes 2000 incorporated

Automaticgas filling& replenishment many new featuresneverbeforeavailable
> Built-=nenergy,powermonitor incommercialexcimerlasers,including
• Eliminationof reverseaftercurrent Powerlok;"a microprocessor-basedcon-

. • Unlimitede_ectrodelifetime trotsystemto provideconstantlaser output
• Highefficiencydesignemphasizing power.The uniquenessof the Series2000

reliability signallednothingless than the arrivalof a
• Remotediagnostics new generationof excimerlasers,as con-
• Toil-freecustomersupportnumber firmedby the subsequenteffortsof other

manufacturersto duplicatethe featuresand _ "1
performanceavailablewith these lasers.

In1984,the firstyear of productshipments,
Questekdeliveredmore thanforty lasers

F\ _ ,/ and establisheditselfas the largestU.S.
/__ __*N_.BURLINGTON manufacturerofexcimerlasers.Inthesec-
I _ _,_. ond year of shipmentsthecompanymore
I ==_" "_ /=_. than doubledinsize and movedto the

new facilitiesshown.

ExctmerLasersin the scientificmarketand
in industrialand medicallaboratorieshas

=xP_ssw_Y made Quastekone ofthe fastestgrowing
NORm laser manufacturersin the historyof the

./ Industry.The rapidlyincreasingcustomer

base is an affirmationof Quastek'scom-
J ORIVINGTIME " -- mitment to providequalityproductswith

I 40 MIN. ,.
innovativefeaturescoupledwithstrong

," \ _'._s_ technicalsupportandpersonalized
• __ customerservice.

l// LOGANAIRPORT

QUESTEKINC.
44Mann=figRoad 11
Bdler_ca,MA01821
TIx:4971358Questek
Tel':617-687-8"/90
1-800EXCIMER(UoS.only)
Pnnt_l_nuSA 4 8510M

20 o OUESTEKINC.198S
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Appendix B

g-.a.MICS INPUT

Data for Samics input for pulsed excimer laser _nnealing was calculated from enclosed
, estimates furnished by Questek. All monetary values are In I985 dollars.

One 50 watt laser is assumed to be scanning the surface of wafers as they are being
, moved from a cassette (unloader) to the front contact screen printer. Possible changes to

the required transport system are minimal and neglected here. The optical scanning
system is assumed to consist of a set of X-Y rotating mirrors, a linear translator for
dynamic focus, and driver electronics from General Scanning Inc. (Watertown, MA
02272). One UV focussing lens is required.

Manufacturers' quotes were used to estimate capital equipment cost, which Includes
essential spart parts. Electricity and air conditioning load for the system was estimated
at _kW. The use of gas and spare parts is directly from the Questek quote, computed per
minute. Power and parts for the scanner were estimated.

The laser requires periodic venting to the atmosphere (every 2 hours) of approximately
3 cubic feet of krypton, helium and a much smaller amount of flourine. The cost of these
byproducts was not included. Downtime for gas changes was included.

B-I

I I I I I I IIIll I=ll I III

1987067350-TSG07



SOLAR ARRAY MANUFACTURING INDUSTRY COSTING STANDARDS Pa_e.._.,:_._of_
" FORMAT A - PROCESS DESCRIPTION

c.,,o..,.,,..,,,, I A.1P*.ce.[R ferentl
._.,_.._.,r.w.=.c_v.ov P EL A , , ,

Note: Namesgiven in brackets[ Jare the namesof processattributesrequested RevisionNumber: 1
bY the SAMIS Com_uter Program.

...... _L. = t ] , _'" ii .[ . i _ • .tl

e_

, [_ A-2 [Descriptive. Namelofproce_s ,P,U,L.S,E,D, ,E,X,C,T,M,E,R, .L,A. S,E,R, ,A,N,N,E,A,L ....

.(,O,F. ,I,O,N, ,I,M,P.L,A,N,T,E,D, ,N,+,P, .J ,U, N, C,T,I,O .N, S,) .......

t

I I I I I I I I I I I I I

PART 1-PRODUCT DESCRIPTION

[_][_ a-3 (Product. Referent], AN, N.E ,A,L, E,D, S L I A 5CuEnitof Measure[Product Unit,] M,2* , | i * , * * * *

I--_A.4 Descriptive Name[Product. Name] ,W,A,F.E,R, ,(,S,L, I,C,E_) , W .I,T,H, ,N.+,P ......

J UNCT ION

,, ,, = _,,, , , , , ,
PART 2 - PROCESSCHARACTERISTICS

J"l A-6 [Output. Rate] (Not Thruput) 0.1 M2 /rain Units (givenon line A-S) Per OperatingMinute

A-7 [Inprocess. Inventory. Time] .083 CalendarMinutes

[_ A-8 [Duty. Cycle] .80 OperatingMinutesPer Minute

C A-Be [Number. Of. °._Jlifts.Per. Day] Shifts
[3 3

['_ A-Bb ]Personnel. Integerization. Override. Switch] . (Off or On)

PART J - EQUIPMENT COST FACTORS [Machine. De_fiption]

A-9 Component[ Referent] ,L, A, S E, R ...... S, C .A ,N ,N,E, P,.............

J--I A-ga Component[Descriptive. Name] KrF Exc:Lmer Sc,anntn_ .....
Laser Mirror Assemb l>,
50 watts

(qt_est:ek)

t'_ A-IO BaseYear for Equipment
Prices[Price. Year] 1985 19 85

r] A-, 1 [Purchase. Cost. Vs. Quantity. 1 65.6K 1..L" 8.3K .--.--
Bought. Table] (Number Of and ....
$ Per Component) ' _

J'-!A-12 Anticipated [Useful. Life] (Years) 5 5

5K 2K
J--IA.13 [Salvage. Valuel(SPerComponent),.

J-J A-14 [Removal, And. Installation. CostJ
(S/Component) 5K IK

{Payment. Float. Interval] 0.0 0.0 0.0

[Inflation. Rate. TableI IRTJ IRTJ I RTJe_

[ Equipment. Tax. Depreciation. MethodJ DDB DDB DDB

[Equipment. Book. Depreciation. MethodJ SL SL SL .

JPt. 3037-9 R ale
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Format A: ProcessDescription (Continued) Page_ of_

A-15 ProcessReferent (From Front Side Line A-1) _ , , _ , , , ; .; ;

PART 5a- BYPRODUCTS PRODUCED PER MACLINE PER MINUTE [Byproduct]
[_] A-20 A-22 A-23 A-21 B

CatalogNumber Amm;nt ProducedPer Units Byproduct Specifications _[
(ExpanseItem Referent) M&chinePer Minute

[&mount. Per. Cycle}

* , • , , , , L J *

s
J J , t J i _ i a _ u

PART 4 - FLOORSPACE PER MACHINE and PERSONNEL PER MACHINE PER SHIFT [Facility. Or. PersonnelRequirementJ i

O A.16 A.18 A.19 A.17 ,
CatalogNumber Amount Requ;red Units Requirement Description

(ExpenseI_emReferen0 [Amount. Per. MachineI

A 2 0 6 4 D, , 32 Sq. Ft. . HRE space tree A .....
_._,3[0',9_6. ,D , 0.5 Prs• ;' Yrs _0hereto. (s_m,o_o.a._to,Assembler)
,B..3,7.0,4, ,D, . 0.i .PTs. * Yrs Maintenance (ElecCronic Technician)
* , * • _ I A a |

at t ,t t i i i i t I

PART 5b -DIRECT REQUIREMENTS PER MACHINE PER MINUTE LUtility. Or. Commodity Requirement]

A-20 A-22 A-23 A-21
CatalogNumber Amount RequiredPer Units RequirementSpecifications

(ExpenseItem Referent) MachinePer Minute
[Amount. Per. Cycle]

,C, .I,0,3,2, _Bi , .0417 kw.Hr./mln _lec_rici_t

.C, ,2,0L9_6 , ,B, , .0417 kw.Hr./min Air CondltioninR

.......... •0057 , Dollars/min. Fluorine Gas f

........ .133,3 Do llars/mitt. Kryp ton Gas t
•0167 Dollars/min. Helium Gas

,E. ,I.6.0.8..D, , .1655 Dollars/mln. Spare Parts
............ 0077 Dollars/min Liquid N/frozen

| I a * I I * i I I

L. t • | _ * | * , i

¢ | ¢ * n * * * * |

! * * * i * * i t t

i i i_ * i I i II -_ iiI

_'PART 6- INTRA-INDUSTRY PRODUCT(S) REQUIRED
C] A.24 A-28 A-26 A-27 A-25

[Required.Product] [Yield] [Ideal.Ratio]Of Unitsof A-26 ProductName
(Reference) (%) Units Out/Units In

L • I ,I I i * * •

L , * i * , = = * *

LJ i * i | I I | I I i lli I .... =' ''=
PREPAREO BY COMPANY DATa JPL USE

ONLY

rill r _i ,=
CHECKED 8 Y' COMPANY' DATE

__Q
, REVEMSESIOa JPL3O3?.S R 6181

Ill II I
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